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EXECUTIVE SUMMARY  
There is a plethora of renewable energy sources that wait for us to be harnessed – wind, 
geothermal, wave, solar energies, to name a few – which are more than enough to supply our 
energy demand. The sun, with its enormous amount of free energy at 3 x 1024 Joules/year, is 
estimated to be capable of covering 10,000 times the world’s energy requirement at the 
beginning of the 21st century.  
The most common method of harvesting solar energy is through photovoltaic (PV) 
technology in which next-generation PV technologies are vastly becoming popular due to 
limitations in the mainstream solar PVs i.e. Silicon-based solar PVs. One of these next-
generation PVs is the quantum dot sensitised solar cell (QDSSC), the focus in this thesis.   
Quantum dots (QD) which are semiconductor nanomaterials used as sensitiser in QDSSCs, 
are physically very small in size, usually below 10 nm. Because of this minuteness the QD’s 
optical and electronic properties differ from those of its bulk material’s properties, such that it 
will absorb/emit light usually from the visible to infrared wavelength in the solar spectrum. In 
addition, these properties can be controlled by tuning the parameters during synthesis, 
opening up a number of applications in biotechnology, electronics, photovoltaics, and 
quantum computing. This thesis focuses on the photovoltaic application of QDs specifically 
investigating the liquid junction QDSSC.  
There have been previous studies focusing on the components such as electrode, sensitiser, 
counter-electrode, and limited studies on electrolyte. The aim of this thesis is thus to 
understand how the concentration of the redox electrolyte affects kinetics and dynamics of 
electrons at the interfaces of the CdS QDSSC which was achieved by: 
• reviewing previous and current works on the enhancement of QDSSC conversion 
efficiency and studies on QDs. 
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• advancing the understanding of the interfacial charge transfer kinetics in a CdS 
QDSSC based on aqueous Fe(CN)64-/Fe(CN)63- electrolyte. 
• analysing the effects of varying concentrations of the reduced (Fe(CN)64-) and oxidised 
(Fe(CN)63-) species in a ferrocyanide/ferricyanide electrolyte on the performance of a 
CdS QDSSC. 
• identifying the most influential factors on the output of a CdS QDSSC using the 
Matlab software for optimised fitting of a theoretical vs. experimental voltage-current 
curve based on the diode model.  
• disseminating the results of the investigation conducted via publication in peer-
reviewed journals. 
The main research questions addressed in this thesis are: 
• What are the alternative ways of controlling and handling QDs and how these 
handling conditions affect QD’s ageing? 
• How will ferrocyanide/ferricyanide redox electrolyte affect the interfacial charge 
transfer kinetics in a CdS QDSSC? 
• What are the optimal reduced and oxidised species concentrations in a 
ferrocyanide/ferricyanide electrolyte to maximise the performance of a CdS QDSSC? 
• Which parameters in the diode model of the CdS QDSSC cell have the most influence 
on cell performance with this redox electrolyte and which among these parameters are 
sensitive to tolerance changes?  
• To what extent does a ferrocyanide/ferricyanide electrolyte with optimised 
concentrations improve the overall QDSSC performance? 
 
These questions were answered by: 
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• Synthesising and characterising quantum dots (using PbS as model) by using 
established and modified parameters. 
• Studying the interfacial charge transfer kinetics and transport of a CdS QDSSC via 
controlling the reduced and oxidised species of redox electrolyte. 
• Writing an algorithm in Matlab using a single diode equation for solar cell simulation 
and another algorithm to simulate the sensitivity of the fitted parameters. 
• Designing an optimal reduced and oxidised species concentration combination and 
observe its effect on the cell’s conversion efficiency. 
Summarising the findings from this thesis: 
1. PbS QD size engineering can be done by keeping the precursor ratio constant while 
the injection temperature variable. 
2. PbS QDs can be stored in air/dark without effect on its optical properties after one 
bubbling in nitrogen. 
3. PbS QDs remain optically stable after 60 days in air/dark environment. 
4. PbS QDs can be dried when needed to be transported and re-dispersed without 
adverse effect on the absorption. 
5. 0.2 M reduced species concentration is the optimal reduced species concentration in 
this study. 
6. 0.01 M oxidised species concentration results in relatively slower charge 
recombination at the TiO2 surface hence high FF results in longer lifetime thus higher 
open circuit voltage (VOC). 
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7. At fixed oxidised species concentration (0.01 M) in the electrolyte, a sufficiently low 
(<0.02 M) reduced species (ferrocyanide) concentration controls the anodic limiting 
current.  
8. A Matlab algorithm found that the ideality factor deteriorated (n>2 where the ideal 
value is 1) as the irradiation intensity was increased. 
9. The extracted parameters that were sensitive to slight changes (± 1%) were identified 
as the ideality factor, n, and shunt resistance, Rh.  
10. The extracted ideality factors result showed that the interfacial recombination 
increased once the irradiation is more than 100% i.e. 120%, 130% via solar 
simulation.  
Recommendations from this study are:  
1. Size engineering studies should be extended to much larger QD sizes and temperature 
and molar ratios being the parameters to focus on still. Emission and excitation 
spectral measurements on QDs should also be conducted.  
2. Further studies on the QD ageing beyond 180 days in order to establish QD’s practical 
lifetime.  
3. Further studies on this QDSSC model should be focused on other components such as 
the sensitiser, counter-electrode, and passivating agent since the maximum theoretical 
VOC has already been achieved in this study.  
4. Reasons why the ideality factor increases (moving away from ideal) as the irradiation 
intensity is increased need to be further investigated together with ways to improve 
the charge recombination kinetics.  
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5. Since the maximum theoretical VOC is almost achieved in this thesis, it is 
recommended that the next study be focused on how to improve the short circuit 
current (JSC) and fill factor (FF).  
In summary, the optimised ferrocyanide/ferricyanide concentration ratio of the redox 
electrolyte in the QDSSC examined in this thesis has been found to be 0.2/0.01 M resulting in 
a VOC of 0.8 V, a FF of 0.66, and JSC of 3.8 mA/cm2, corresponding to an IPCE of 57% at 410 
nm and overall conversion efficiency of 2%.  
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1.1  BACKGROUND  
We are facing one of the greatest challenges that humans have encountered so far that 
threatens our very existence – extreme climate changes brought about by global warming.  
We are at the crossroad where we either proactively mitigate global warming or face 
catastrophic consequences. The Intergovernmental Panel for Climate Change (IPCC), the 
leading international body on climate change research composed of several thousands of 
scientists, was established by the United Nations Environment Programme (UNEP) in 1988. 
Its main duty is to conduct studies on the causes and impacts of climate change based on 
historical and current data with the aim of educating the people and government about 
climate change and, ultimately, find sustainable ways of mitigating it. The IPCC has reported 
that the global warming is largely anthropogenic based on the collated scientific, historical 
and circumstantial data spanning over a hundred years. They found that the increasing 
concentration of greenhouse gases in the atmosphere gained momentum in parallel with the 
industrial revolution becoming widespread in the 1900s (IPCC, 2013). It has also been found 
that the Earth’s ecosystem has drastically changed since the 1950s as manifested by the 
warming of the ocean, sea-level rise, melting of glaciers and increase in the greenhouse gas in 
the atmosphere (IPCC, 2013). Alarmingly, it is further projected that by 2100 the average 
global temperature could reach as high as 4OC compared to our current average global 
temperature at less than 1OC (IPCC, 2013). Such a large temperature  increase would almost 
certainly cause catastrophic changes to the world’s climate causing a dramatic increase in 
extreme weather events such as droughts, bushfires, tornadoes, and floods patterns which are 
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disruptive to daily life (IPCC, 2013). These events have been proven to result not only in 
disrupting daily lives but also in injury and loss of life not only to humans but also to the 
flora and fauna of the world.  
With that being said, it is but rational to treat finding solutions to global warming with a 
sense of urgency. Indeed, we have dealt with this problem with urgency as evidenced by the 
collective desire to shift towards renewable energy in order to completely eliminate fossil-
based energy sources as soon as possible. However, this is easier said than done since the 
current infrastructure is largely based on fossil fuels. Immediate cessation all of these 
established infrastructures would cripple numerous businesses and their supply chains. On the 
general view, however, the solutions need to be introduced progressively and be practical and 
sustainable.  Ideally, they should not only be able to address the problem with global 
warming and provide for the world’s energy demand, but also provide for the transition of 
fossil-based businesses to green businesses. Indeed, it is not an easy task but it must be done 
regardless.   
The shift to renewable energy coupled with energy efficiency programs are widely regarded 
as the best and practical approach to mitigating carbon emissions (IEA, 2013). Interestingly, 
harnessing the renewable energy is not a novel practice to humans. In fact, prior to the era of 
fossil fuels, we have used wood for cooking and heating, and wind and hydro energies to 
power mills to provide for energy demands in farms or small communities (Edinger and 
Kaul, 2000). Charcoal was also used to fire furnaces in the factories during the industrial 
revolution in 1700s to cope with the increasing energy demand. Shortly thereafter and due to 
increasing demand for a more reliable energy source, charcoal was replaced by coal around 
the 1800s in Europe and the US followed suit a century later (Ayres et al., 2003) heralding 
the widespread use of fossil fuels. Let us remember that the pre-coal/pre-fossil fuels era, i.e. 
the earlier renewable energy era, was driven by necessity, since there were then no 
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alternatives. The present-day preference for the use of renewable energy is driven by different 
reasons. The oil crisis in the early 1970s can be considered as a powerful motivation to 
switch to renewable energy (Gratzel, 2001) – we can, after all, rely on renewable energy 
when coupled with careful planning and design. In addition, at around this time, 
environmental awareness was gathering grassroots support, which further cemented the 
renewable energy’s presence in social consciousness. Hence, renewable energy was 
considered as a moral alternative as much as it was a sustainable one to fossil-based fuels. 
Nowadays, however, considering the extreme climate changes that have been occurring in 
many parts of the globe, the switch to renewable energy is more of an imperative for survival 
rather than being a moral and sustainable choice. To put it bluntly, the shift to green energy 
and sustainable practices is indeed a necessity that must be addressed urgently. 
There are various types of renewable energy technology in the mainstream that have been 
developed and assessed to be suitable to replace fossil-fuel energy, as shown in Figure 1.1.  
These are geothermal, hydropower, wave, wind, biofuel and solar energy, which could 
provide for the world’s demand for electricity, space heating and motor fuel.  Geothermal 
energy converts naturally occurring heat energy from the ground into electricity. Man-made 
thermal energy, on the other hand, can be sourced through waste heat recovery in industrial 
facilities as part of sustainable practise. Hydro power can be natural (waterfalls) or man-made 
(dams), and utilises the kinetic energy of the falling water to propel turbines thereby 
converting mechanical energy to electrical energy. Wave energy converts mechanical energy 
caused by the movement of waves into useful work such as electricity, desalination, and the 
like. Wind energy uses wind power to propel the turbines thus converting mechanical energy 
to electrical energy. Biofuel converts chemical energy from microorganisms or algae into 
convenient energy most common form of which is as transport fuel. Finally, the sun, 
supplying a vast amount of energy at 3 x 1024 Joules/year, equivalent to 10,000 times more 
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than the energy requirement of the world population in the early 2000s (Gratzel, 2001), is an 
abundant source of renewable energy. As Gratzel stated, we only need to cover 0.1% of the 
Earth’s surface with solar photovoltaic cells to supply this demand (Gratzel, 2001). However, 
an efficient way of harvesting and converting solar energy remains a challenge, as are ways 
of effectively storing it for use at times of low or zero primary solar radiation.  
Solar energy technologies exploit the energy from the sun’s photons to provide direct thermal 
energy via solar heating or electricity via photovoltaic cells. Solar energy conversion via 
photovoltaic cells is the focus of this thesis and will be discussed from this point onwards. 
 
Figure 1.1. Renewable energy technologies commonly used such as solar, geothermal, 
wave, hydro, biofuel, and wind energies which can effectively replace fossil-based fuels 
in mitigating climate change brought about by incessant carbon emission. 
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1.2  HISTORY OF SOLAR PHOTOVOLTAIC CELLS 
1.2.1. Silicon solar photovoltaic cells 
The origin of solar cell can be traced back to 1839 when Edmond Becquerel discovered the 
photovoltaic effect (Gratzel, 2001) while experimenting with an electrolytic cell. Since then 
studies on conversion of energy from sunlight to electrical or chemical energy have been 
relentless (Gratzel, 2001). This was beginning of the era where researchers were exploring 
different materials suitable for photon harvest and solar photovoltaic applications in general. 
The study of solar cells started during 1870s with pioneering studies using several materials 
such as selenium, germanium and other semiconducting materials as the active materials for 
the cells. However, the preference soon shifted to the usage of silicon over other 
semiconducting materials. This was due to the higher resistance of silicon to degradation 
from light and its lower bandgap energy compared to other semiconducting materials that 
enables it to harvest more photons.  
The first functional solar photovoltaic technology recorded was designed and manufactured 
in 1954 by Chapin and Pearson - researchers at Bell Laboratories in the USA - which had an 
impressive 6% conversion efficiency of solar energy to electricity  (Chapin et al., 1954) using 
a silicon-based solar cell. This was a great feat since the commercially available silicon p-n 
junction photocell measures at 0.5%  (Chapin et al., 1954) while Maria Telkes’ 
thermoelectric junctions that directly converted solar radiation into electrical power had a 
reported 1% conversion efficiency (Telkes, 1954). These other cells not only had low 
conversion efficiencies but also used toxic materials, (Chapin et al., 1954), hence making 
Chapin and Pearson’s cells made from silicon reputation even more attractive.  
A few decades later in the 1970s, the oil crisis, and subsequently growing concerns about 
global warming, resulted in solar PV research gaining unparalleled momentum. A great 
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number of research groups reported numerous findings relating to the understanding and 
enhancement of this technology from then onwards (Gratzel, 2001). These activities resulted 
in steady improvement in the efficiency of silicon solar cells, so that this became the 
mainstream solar PV technology being investigated.  
 
Figure 1.2. The National Renewable Energy Laboratory Best Research-Cell Efficiencies 
(NREL, 2018). The efficiencies on the right-hand side y-axis represent the record-high 
conversion efficiency to date. 
The National Renewable Energy Laboratory (NREL) solar cell efficiency chart shows that 
this technology started as a single-crystal architecture solar cell manufactured by Mobil Solar 
(NREL, 2014). The 1980s saw the rapid climb in the improvement of the overall conversion 
efficiency of the silicon-based solar cells from 17% to an impressive 23% within less than a 
decade (Zhao et al., 1995). There were numerous developments and enhancements in silicon 
solar PV cells, such as adding anti-reflective coatings resulting in 24% efficiency (Zhao et al., 
1995); applying multi-junction architecture gave ~32% from Spectrolab (NREL, 2014); while 
over 46% efficiency was achieved in the same single-crystal  architecture but utilising a 
concentrator by Fraunhofer (NREL, 2018). To date, silicon solar cell efficiency has reached 
13 
 
27.5% for heterostructures from Kaneka (NREL, 2018). So far, Boeing’s/Spectrolab’s multi-
junction single-crystal (non-concentrator) solar cell at 38.8% has not been rivalled in terms of 
overall conversion efficiency.  
The complete summary of the solar photovoltaic technologies whose conversion efficiencies 
were validated by NREL is shown in Figure 1.. We can see that the emerging solar PV 
technologies group, for example, which are theoretically capable of surpassing the silicon 
solar cell’s conversion efficiency, are still lagging behind in terms of conversion efficiency, 
the highest being the perovskite solar cell at over 22% conversion efficiency (NREL, 2018). 
Meanwhile, quantum dot solar cell which is the focus of this thesis is still lagging at 14% 
efficiency. This information is telling us that there is a tremendous amount of work still to be 
done on emerging solar PV technologies. The succeeding subsection tackles the untiring 
effort of the PV research community in finding alternatives to silicon-based PV technologies.  
1.2.2. The search for alternatives to silicon solar photovoltaic cells  
Although the silicon-based solar cells have so far been unsurpassed in terms of conversion 
efficiency and cost-competitiveness, a major disadvantage of this technology that the raw 
material used – silicon - does not exist in its pure form in nature. Producing pure silicon is not 
simple since it is naturally found in very stable silicates from which elemental silicon must be 
extracted. This process requires a very high temperature, ~1400OC, and hence a high energy 
requirement. This energy-intensiveness was one of the reasons why silicon PV cells 
encountered difficulties in their early years in competing against the fossil-based electricity in 
terms of $/watt.  
The motivation to find alternative low-cost materials for solar cells has thus been strong 
among researchers. In addition, silicon has relatively poor optical properties (Zhu et al., 
2013). In the years since the onset of solar photovoltaic technology, research on solar cells 
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has branched out to a plethora of other types of solar cells. The main guiding principle was to 
further the understanding of the mechanism of the cell and at the same time trying to 
elucidate the predecessor’s limitations. Figure 1.2 shows the latest status of the efficiencies of 
the five main groups of solar cells such as multi-junction cells, single-junction GaAs, 
crystalline Si cells, thin-film technologies, and emerging PV which was summarised by the 
NREL. Clearly, the silicon based solar cells remain to be in the forefront of solar V 
technologies when it comes to superiority in the overall performance to date. This is followed 
by the thin-film solar PV technologies group and lastly, the emerging PV technologies group 
with the perovskite solar cells taking the lead at over 22.7% (NREL, 2018).  
Kamat (2013), on the other hand, has grouped the emerging solar photovoltaic (PV) 
technologies based on their nanostructure architecture. These are (i) dye-sensitised solar cells 
(DSSC), (ii) bulk heterojunction photovoltaic cells (BHJ), and (iii) quantum dot solar cells 
(QDSSC) On the other hand, the NREL classified the emerging solar PV technologies into 
five main categories. These are dye-sensitised solar cells (DSSC), organic cells, organic 
tandem cells, inorganic cells, and quantum dot-sensitised solar cells (QDSSC) (NREL, 2018). 
The emerging PV technologies group is starting to gain significant improvement when it 
comes to overall performance. The latest buzz is about perovskite cell wherein the conversion 
efficiency is rapidly improving in such a short span of time in the solar cell research. Among 
the emerging PV technologies group, the QDSSC can be seen lagging behind in terms of the 
overall performance although it can be observed that the QDSSC has a large number of 
research groups working on finding the ways to achieve high conversion efficiency.  
The first significant and probably the most popular of these alternative solar PV technologies 
is the dye sensitised solar cell (DSSC), commonly known as the Gratzel cell. DSSCs separate 
the function of photon absorption and charge transport in two materials as compared with the 




Figure 1.3. Schematic diagrams of (a) a silicon-based solar cell, (b) a dye sensitised solar 
cell, and (c) quantum dot sensitised solar cell. 
Briefly, the dye component of the DSSC absorbs photons, which have energy equal to or 
above that of the dye’s bandgap energy. This absorption of photons generates an electron-
hole pair, which then eventually separates due to excitation with subsequent promotion of the 
excited electron to the lowest unoccupied molecular orbital (LUMO). With the DSSC’s initial 
overall conversion efficiency of ~12% in the early 1990s (O'Regan and Graetzel, 1991) , it 
was considered to be a very promising alternative to the costly silicon-based solar PV cells. 
The manufacturing process was impressively conducted at a much lower operating 
temperature and with much lower energy input than for the silicon cells. Additionally, the 
organic dyes have higher absorption coefficient than silicon, which means that they are 
capable of absorbing more photons per unit mass.  
Thus the DSSC (liquid junction) has the organic dye as the photon absorber or ‘sensitiser’. 






was a result of the absorption of photons by the dye sensitiser. Note that the exciton or the 
electron-hole pair is at the HOMO just before it separates due to excitation of electron which 
then goes to the LUMO domain.  This pair then gets separated due to the excitation of the 
electron into the lowest unoccupied molecular orbital (LUMO), leaving behind an oxidised 
hole - the hole from the exciton becomes oxidised because it lost an electron and therefore, 
needed to be regenerated by electrolyte at the HOMO domain. HOMO domain is the 
equivalent of conduction band (energy level of inorganic semiconductor) for organic 
materials. This excited electron gets photo-injected into the conduction band of the 
semiconducting material − the photo anode −, usually TiO2, thereby creating photocurrent. 
The electron gets collected at the conducting electrode and continues its journey towards the 
counter-electrode. Meanwhile, the reduced species in the redox electrolyte regenerates the 
oxidised hole while the oxidised species scavenges the electron at the counter-electrode thus 
completing the loop. In brief, redox electrolyte is an electrically neutral solution which results 
in positively (oxidised species) and negatively (reduced species) charged ions that then gets 
attracted to the electrode (negative charge) and oxidised hole (positive charge), respectively. 
Redox electrolyte is discussed in depth in chapter 6. 
Figure 1.4 shows the basic architecture of the CdS QDSSC model used in this thesis. The 
sensitiser (CdS quantum dots) are deposited on the TiO2 with a thin layer of dense- TiO2 
which was printed on the FTO forming a film. The film is then sandwiched with platinum 
counter-electrode and injected with redox electrolyte Fe(CN)64-/3-. Once irradiated, the CdS 
quantum dots absorb photons resulting to the creation of exciton (electron-hole pair). The 
energy absorbed then resulted to the electron being promoted to the conduction band leaving 
behind the oxidised hole. The oxidised hole gets regenerated by the reduced species from the 
electrolyte. The excited electron continues to travel within the circuit towards the counter-
electrode.  The oxidised species (negative charge) scavenges the electron at the counter-
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electrode and the process then repeats. It should be noted that the operational mechanism of 
the DSSC is very similar with that of the QDSSC’s as shown in Figure 1.3. 
This current study focuses on one of the popular emerging solar cell technologies - the 
quantum dot sensitised solar cells (QDSSC), specifically the liquid junction QDSSC. 
The DSSC and QDSSC are compared in subsection 1.2.2 as well as other promising 
alternatives to silicon based solar cells. 
Since both the DSSC and QDSSC share similar structural configuration and some operational 
mechanisms, it is appropriate to compare the two using the silicon-based solar cell as the 
benchmark. Figure 1.3 shows the configurations of silicon-based solar cells, dye sensitised 
solar cells (DSSC) and quantum dot sensitised solar cells (QDSSC). Numerous studies 
conducted to date have shown that the structural similarity between the DSSC and QDSSC 
does not as yet translate to equal performance, as can be proven by the big disparity in the 
latest overall conversion efficiency between the DSSC at 12.5% (Kakiage et al., 2014) and 
QDSSC at  6.6% through charge transfer mediation (Radich et al., 2014b) and 8% by 
suppressing charge recombination (Zhao et al., 2015). The experimental results of the 
investigations conducted confirmed this functional dissimilarity making the research on 
QDSSC more challenging.  
First of all, organic dyes and nanocrystalline materials have been investigated as inexpensive 
sensitisers in DSSC and QDSSC, respectively. These solar cells can be considered as viable 
alternatives to silicon for solar photovoltaic application with the added advantage of 
flexibility of application (Gratzel, 2001). Unlike in silicon solar cells where photo absorption 
and charge separation are combined in one material, the organic dyes or quantum dots 
adsorbed onto the surface of a wide band gap semiconductor such as TiO2 act as the photon 
absorbers. Meanwhile, charge separation occurs at the QD/dye-semiconductor interface. 
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Earlier research on organic dye sensitisation of wide band gap semiconductor was conducted 
by Gerischer’s group in the late 1960s (Gerischer et al., 1968). On the other hand, research on 
quantum dots as sensitisers to solar cells (Rossetti et al., 1983) commenced later in the early 
1980s. By the early 1990s, both of these materials – organic dyes and quantum dots - had 
published reports of successful implementation as sensitisers for solar cell applications. The 
well-known Gratzel cell in 1991 is the most popular amongst the DSSC due to its 
inexpensive manufacturing protocol and impressive conversion efficiency at 12%  under 1 
sun condition (AM1.5G, 100 mW.cm-2 at 25 ± 2 OC) (O'Regan and Graetzel, 1991). On the 
other hand, Vogel and co-workers achieved 6% conversion efficiency from a CdS QDSSC 
using ferrocyanide/ferricyanide electrolyte excited at 460 nm under monochromatic light 
(Vogel et al., 1990). However, between the two solar cells the DSSC proved to be one that 
has advanced very rapidly in terms of overall performance over years of research. After years 
of studying and finding ways to improve the performance of the DSSC, Gratzel and O’Regan 
reported 12% conversion efficiency for a solar cell using organic dye as photon absorber 
(O'Regan and Graetzel, 1991). Given this conversion efficiency, the DSSC has the potential 
to rival silicon-based solar cell due to its less energy intensive fabrication process and 
inexpensive material cost. However, after more than two decades of continuous research on 
the DSSC, the highest conversion efficiency to date is still 12.5% (Kakiage et al., 2014). This 
seemingly inability to improve further the overall conversion efficiency of the DSSC has 
stimulated interest in QDSSCs), which will be described in the succeeding section. 
The following section, 1.3 provides further information on QDSSCs.  
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1.3  QUANTUM DOT SENSITISED SOLAR CELLS   
1.3.1 Quantum dots  
Quantum dots are very small semiconductor materials with a physical size at the nanometer 
scale that can be controlled via synthesis. The dots exhibit distinct properties which 
correspond to how small they were synthesised. As the dots become smaller quantum 
confinement due to quantum size effect occurs. This happens when the diameter of the 
semiconductor material approaches its exciton Bohr radius. At this state the optical and 
electronic properties of the material are completely dependent on its physical size and shape. 
The simplest way to illustrate this is by getting the absorption spectra of the quantum dot 
which shows the change in the peak wavelength in the absorption spectra as the quantum dot 
size changes. Further discussion about quantum dots can be found in section 3.2.3.     
A quantum dot is a key component of the QDSSC since it acts as the photon absorber or 
sensitiser when adsorbed onto a wide band gap semiconductor such as TiO2. A dot is a 
nanomaterial but in a much smaller size range and this size is the reason why the dot has 
special optical, electronics, and chemical properties as the physical size of the material 
approaches infinitesimal. Since the dot’s size can be engineered, it can be designed to absorb 
photons in a wider range of wavelength in the solar spectrum. In addition, quantum dots 
absorb more photons as compared to, say, organic dyes as will be discussed later in this 
chapter and QD synthesis in chapter 4.   
Pre-synthesised quantum dots are most commonly prepared using solvothermal method 
which utilises simple and inexpensive synthetic protocols at relatively lower temperatures 
compared with silicon.  
Quantum dots are very interesting materials with many remarkable features the most striking 
of which is the immense difference in its chemical and physical properties from those in bulk 
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phase. The reason for the drastic change on the quantum dots (QD) is based on two 
phenomena. First is the high dispersity of nanocrystalline systems such that the number of 
atoms at the grain boundaries is similar to the number of atoms in the crystalline lattice 
(Weller, 1993). This is illustrated by the compressibility of nanocrystalline ceramics which 
shows that the physical and chemical properties of a nanocrystalline have become dominantly 
affected not by the molecular structure of the lattice but by the defect structure of the surface 
(Weller, 1993). Second, and the most commonly exploited attribute, is when the valence and 
conduction bands of the material (inorganic semiconductor) split into discrete electronic 
levels. The spacings between these discrete electronic levels and the bandgap increase as the 
particle (quantum dot) size decreases. As will be discussed in section 3.2.3, as the quantum 
dot increases in diameter, the bandgap decreases since the peak wavelength (Figure 4.1) is 
inversely proportional with the band gap (shown in equation 1-1).  The decrease in the 
particle’s diameter restricts the movements of electrons which results in the bandgap shifting 
to higher energy level causing dramatic change in the particle’s  optical and electronic 
behaviour- a phenomenon called quantum confinement (Rossetti et al., 1983, Bawendi et al., 
1990, Weller, 1993, Alivisatos, 1996). This is because when the physical size of QD is 
decreased such that it approaches its exciton Bohr radius – or the physical distance between 
the hole and electron pair - gradual transition from solid to molecular structure occurs. At this 
stage the material ceases to exhibit its elemental intrinsic properties and the particle becomes 
a quantum dot. This decrease in QD size results in the optical properties of the material 
becoming strongly dependent on their size (Bawendi et al., 1990, Vogel et al., 1994b, 
Alivisatos, 1996). In this condition, Rossetti and co-workers showed how quantum size effect 
manifests on the optical, electrochemical and electronic properties of the CdS QD (Rossetti et 
al., 1983) in their study in the early 1980’s. Similarly, Alivisatos’ group reported how the 
CdS intrinsic properties such as its band gap, radiative lifetime, melting temperature, etc. 
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change without altering its chemical composition except for changing its size i.e. quantum 
confinement (Alivisatos, 1996).  
Equation 1-1 shows that the band gap has a reciprocal relationship with the excitonic peak 
wavelength. 
                   1-1 
where Eg is the band gap energy and λ is the exciton peak wavelength of the quantum dot 
measured through absorption spectroscopy. The excitonic peak wavelength is further related 
to the QD size such that as the size increases, the excitonic peak moves towards the red 
region of the solar spectrum. Conversely, when the QD size decreases, the excitonic peak 
moves towards the blue region of the solar spectrum or to the longer wavelength domain. The 
size -tunability property of the QD via changing the synthetic protocol is the way to exploit 
the quantum confinement phenomenon in the dots. Nirmal and co-workers (Nirmal et al., 
1996) reiterated this discourse declaring that QD quantum confinement can be exploited to be 
able to harvest photons on a wider range in the solar spectrum.  
Hines and Scholes stated that QD size can be engineered to suit the required application and 
there are a few established methods to perform the size engineering (Hines and Scholes, 
2003). These methods can be through 1) varying synthetic protocols i.e. applying different 
precursors (Murray et al., 1993, Vossmeyer et al., 1994), 2) varying precursor concentration 
(Hines and Scholes, 2003), 3) utilising precipitation technique (Murray et al., 1993, 
Vossmeyer et al., 1994) and 4) varying the injection temperature (own experiment). By 
applying these simple techniques, size-tuning of the QDs becomes straight forward and can 
be successfully integrated in mass production scale.  The unique properties of QDs will be 
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discussed in detail in the next subsection while the study about quantum dot synthesis and 
size-engineering is included in this thesis and is reported in chapter 4. 
1.3.2 Electron-hole pair (exciton) 
As mentioned earlier, the exciton or electron-hole pair is generated when the quantum dot 
absorbs energy, in this case/thesis, from photon. In brief, the semiconductor band gap 
mathematically described in (equation 1) is the energy that needed to create an electron - hole 
pair called an exciton. Therefore, photons with energy lower than the band gap will not be 
absorbed by the semiconductor material. The electron-hole pair then becomes excited by the 
absorbed photon leading to the separation of the electron and hole. The excited electron gets 
promoted from the valence band to the conduction band or from the HOMO to the LUMO for 
organic sensitisers– absorption of photon initiates the whole process and the sub-processes 
(exciton creation, separation of electron from the hole, promotion of electron to the 
conduction band, etc. happen in micro/nanosecond). This excited electron is considered to be 
a free electron. This free electron will try to get rid of the excess energy (over bandgap) it 
acquired in the form of heat (phonon), light (photon through emission), or photocurrent. The 
free electron then goes to the nearest lower energy level with least resistance and so on – to 
the external load towards the counter-electrode for QDSSC. The latter mechanism is 
popularly known as the photovoltaic effect, which is exploited in the solar cell mechanism 
explained in detail in section 8.3.  
Quantum dots as sensitiser are attractive over organic dyes due to their unique properties such 
as size-tunability (McDonald et al., 2005, Lee et al., 2008a, Moreels et al., 2009) and 
quantum size effects (Katsikas et al., 1990). These properties allow quantum dots to be 
engineered so they can absorb photons over a wider spectral range with a high extinction 
coefficient – a property of material which tells how much that material can absorb photon at a 
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given wavelength per mass density -  resulting in effective light harvesting (Cademartiri et 
al., 2006, Mora-Sero et al., 2008, Braga et al., 2011).  This high extinction coefficient in 
semiconductor quantum dots (Weller, 1993, Yu et al., 2003) means they are capable of 
producing a large quantity of excited carriers per unit mass compared to organic dyes in a 
DSSC. This capability can translate to a wide range of applications for QDSCCs in 
lightweight photovoltaic films especially where there are space and weight limitations. 
Moreover, due to the large diameter to volume ratio of quantum dots, effective surface area is 
dramatically increased and therefore light absorption too (Watzke and Fendler, 1987). 
Quantum dots also have an advantage in terms of a relatively simple manufacturing protocol 
allowing roll-to-roll manufacturing, making the transition from laboratory to mass production 
scale easier and less complex (Tachibana et al., 2008). 
Another special attribute of quantum dots is their ability for multiple exciton generation or 
‘MEG’ (Ellingson et al., 2005, Hanna and Nozik, 2006), which means that one absorbed 
photon with energy equal to or greater than twice the bandgap energy can generate two or 
more excitons, that is, electron-hole pairs (Ellingson et al., 2005, Nozik, 2005, Sun et al., 
2008). The MEG effect on can result in a 42% power conversion efficiency   as compared to 
31% power conversion efficiency in standard semiconductor solar cells (Tian et al., 2016). In 
essence, this feature enhances the overall performance of the QDSSC by increasing 
photocurrent via the ‘reverse Auger process’ or impact ionisation, and photovoltage via 
extraction of the hot carrier. Hot carrier is either an electron or hole with excess kinetic 
energy (at least kT above the conduction and valence bands) resulting from photon 
absorption which can then be used to create a new electron-hole pair before the electrons 
relax or go back to its ground state (Nozik, 2001). The reverse Auger process happens when a 
highly energetic hot carrier creates another exciton through impact ionisation, instead of 
losing its excess energy via cooling or phonon emission during relaxation, uses the excess 
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energy to (Nozik, 2001). The generation of an electron-hole pair or exciton is thus the starting 
point of the electrons journey within the solar cell. 
1.3.3 Sensitisation   
Sensitisation is the process by which the quantum dots are adsorbed onto a wide bandgap 
semiconductor in order to take the role of sensitiser or photon absorber. There are several 
methods of performing this adsorption. These are Successive Ionic Layer Adsorption and 
Reaction method or SILAR (Vogel et al., 1990, Valkonen et al., 1997a, Lee et al., 2009a, 
Rabinovich and Hodes, 2013, Kim et al., 2014); chemical bath deposition or CBD (Ortega-
Borges and Lincot, 1993, O'Brien and Saeed, 1996, Mora-Sero et al., 2009, Barea et al., 
2010, Samadpour et al., 2012); and deposition of pre-synthesised QD with (Guijarro et al., 
2010b, Pan et al., 2012) or without linker molecular method (Lee et al., 2008a, Mora-Sero et 
al., 2008). The SILAR method is an in-situ technique of synthesising the QDs onto a 
substrate by alternately dipping into the separately-prepared precursors of the respective 
cation and anion components of the quantum dots (Vogel et al., 1990).  CBD method is 
another in-situ technique of synthesising a QD where both the cation and anion precursors are 
mixed together and the substrate is dipped into the mixture or solution for a few hours to a 
few days depending on the required size of QDs or the properties of the precursors. On the 
other hand, using a linker molecule to attach the QD on the photoanode involves utilising an 
organic linker molecule (Guijarro et al., 2010b) to facilitate the adsorption of the pre-
synthesised QD on the photoanode. Some studies, however, opted to bypass the linker 
molecule, and instead directly adsorbed the quantum dots unto the photoanode (Mora-Sero et 
al., 2008). This current study utilises SILAR method to sensitise the wide band gap TiO2 
photoanode with CdS quantum dots in fabricating a QDSSC. 
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1.3.4 Structure and operation  
The typical architecture of a QDSSC, shown in Figure 1. consists of: (1) counter-electrode; 
(2) redox electrolyte; (3) light-harvesting material (semiconductor QD); (4) transparent 
conducting glass; 5) electron blocking layer between the transparent conducting glass and the 
nanoporous TiO2; and 6) the nanoporous TiO2. Each of these components and the interfaces 
between them are equally important in the function and operation of the QDSSC. To enhance 
overall conversion efficiency in a QDSSC entails a thorough investigation of these interfaces 
in order to understand the underlying mechanisms of the solar cell and consequently being 
able to control these mechanisms. The mechanism of a QDSSC is divided into the following 
three stages: (1) photo-generation, (2) photoinjection and (3) charge collection (Huang et al., 
1997).  
 
Figure 1.4. Typical architecture of a CdS quantum dot sensitised TiO2 solar cell.  
Yellow spheres represent CdS QDs adsorbed on TiO2 dots (grey spheres), with the former 
acting as sensitiser and TiO2 as the semiconducting material. The faint yellow represents the 
redox electrolyte, dTiO2 as the dense TiO2 layer that acts as electron blocking layer, and 




Photogeneration is caused by the absorption of photons causing a formation of an exciton 
(electron-hole pair), which subsequently separates, and the excited electron crosses the region 
between QD bandgap from the valence to the conduction band. As explained earlier, band 
gap (Eg) is the energy range between the conduction and the valence bands of a 
semiconductor material where electrons are forbidden to exist when the material is at ground 
state. Application of external energy greater than the band gap energy, such as photons with 
sufficient energy, will cause the electron to cross this region, i.e. be excited from the valence 
band to the conduction band. For example, Figure 1.5 shows the differences in band gap 
between insulators, semiconductors and conductors. Insulators are non-conductive due to the 
large band gap between their valence and conduction bands. Conductors, on the other hand 
have overlapping valence and conduction bands allowing valence electrons to flow as a 
current that is, become conducting electrons) even without external energy applied to it. The 
band gap of semiconductors lies between that of insulators and conductors. For 
semiconductor quantum dots, this band gap can be adjusted by virtue of changing the dot size 
based on established synthetic protocols, or commonly called ‘size-tuning’. When an external 
energy higher than the semiconductor’s Eg is applied – via photons in the case of solar cells –
- electrons start to cross the band gap to enter the conduction band, and form an exciton as the 
electron departs its more localised position in the valence band leaving a hole (a region 




Figure 1.5. Comparison between the band gap (Eg). in an insulator, semiconductor and 
conductor.  
The second mechanism of the QDSSC is the electron injection that occurs at the interface 
between the QD conduction band and the TiO2 conduction band. When the photo-generated 
electron reaches the QD conduction band, it will try to find a path to a lower energy level 
nearest to its location and with least resistance offered. In the QDSSC diagram shown in 
Figure 1.6, it can be seen that the nearest lower energy level for the photogenerated electron 
to go to is in the TiO2 conduction band. This charge transfer between the QD conduction 
band and TiO2 conduction band is called photoinjection.  
The third mechanism of the QDSSC is the charge collection that occurs at the interface 
between the TiO2 conduction band and the collecting electrode Flourine-doped Tin Oxide 
(FTO), which is connected to the external load. Charge collection efficiency is affected by the 
electron recombination – when the electron goes back to the original energy level it 
previously came from thus failing to continue to travel to the next forward path - at the 
interfaces between TiO2 and oxidised species in the redox system, and between the FTO and 
oxidised species in the redox system. The latter recombination path was addressed by 
employing an electron blocking layer between FTO and TiO2 (Tachibana et al., 2008). To 
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complete the circuit the oxidised QD hole – lost the electron due to excitation which was 
promoted to the next energy level and travelled through the circuit -  needs to be regenerated 
– the oxidised hole (lost an electron) needs to be regenerated with an electron from the 
electrolyte (reduced species) to bring it to ground state. The oxidise species in the electrolyte 
collects electrons at the counter-electrode where the generated electrons travels to after going 
through the load. This happens in ps/fs timeframe (Nozik et al., 2001). On the other hand, the 
oxidised species are reduced at the counter-electrode by the electron that travelled from the 
FTO to bring the redox electrolyte back to its original state. The full mechanism of a CdS 
quantum dot sensitised TiO2 solar cell based on aqueous ferrocyanide /ferricyanide redox 
electrolyte is described later in this thesis in chapter 6. 
These interfacial mechanisms within the CdS QDSSC thus involve complex electron 
injection and recombination kinetics, which need to be fully understood and consequently 
controlled in order to achieve high overall conversion efficiency. It is a major focus in this 
thesis to improve this understanding and hence find practical ways to boost the efficiency of 




Figure 1.6. Schematic diagram of a CdS quantum dot sensitised TiO2 solar cell 
mechanism where the green arrows represent the favourable paths while the red arrows 
represent recombination paths which account for loss in solar cell conversion. Note: E-
blocking is electron-blocking layer made of dense TiO2, FTO is flourine-doped Tin 
Oxide, 1, 2, and 3 are the sequences of solar cell mechanism. 
One of the important attributes of a QDSSC is by virtue of its sensitiser – the QD. As 
mentioned earlier, QDs most prominent property is quantum confinement which is related to 
modification on its size. Size modification or size engineering on QD is simple and can be 
easily achieved through modifications of the synthetic parameters resulting in QDs with 
different sizes. This size tuning property is highly advantageous for semiconductor and 
electronics applications of the cell such that it facilitates in achieving the preferred optical 
and electronic properties i.e. being able to absorb in the wider bandgap of the solar spectrum 
(McDonald et al., 2005). QDSSC can also be designed into flexible solar panels (Kamat, 
2013) thereby extending the possibilities in application. Hence, QDSSC not only can have 
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various applications but also offers a low-cost and less energy-intensive manufacturing 
process, the latter being equally appealing as the former.  
1.3.5 Previous research into QDSSCs 
Since QDSSC’s inception in the early 1980s (Rossetti et al., 1983) and their entry into 
mainstream PV research in the early 1990s (Vogel et al., 1990, Vogel et al., 1994b), several 
important works have been conducted to improve the QDSSC conversion efficiency both in 
solid and liquid junction models. For example, Diguna and co-workers used inverse opal 
TiO2 as electrode that allowed better permeation of both the electrolyte and the CdSe 
sensitiser due to its microporous nature resulting to 2.7% efficiency (Diguna et al., 2007). 
However, Lee and co-workers argued that a microporous TiO2 have limitations of application 
so they used a CdS seeding layer for maximum CdSe sensitisation and effective suppression 
of recombination between TiO2 and electrolyte yielding 2.9% efficiency (Lee et al., 2008b). 
Using light scattering layer at the TiO2 layer proved to be effective in improving the 
efficiency as was found out by Zhang’s group (Zhang et al., 2011). This scattering layer has 
improved the conversion efficiency by increasing the light path and at the same time 
suppressing the charge recombination from the TiO2 to the electrolyte (Zhang et al., 2011). 
Meanwhile, Deng and co-workers have rectified the problem with high charge transfer 
resistance by using Cu2S as counter-electrode which resulted in 3.37% conversion efficiency 
(Deng et al., 2010). On the other hand, Fan and co-workers employed multimodal porous 
carbon as counter-electrode for QDSSC to further raise the efficiency to 4.36% (Fan et al., 
2010). Two groups yielded 5.6% efficiency with the first group improving charge separation 
at the TiO2 – PbS interface by doping the TiO2 with zirconium resulting in higher 
photocurrent (Liu et al., 2011). Lee’s group successfully increased the JSC by 75%  by doping 
the PbS sensitiser with mercury resulting to faster electron injection and charge 
recombination suppression (Lee et al., 2013). On the other hand, Liu and co-workers was not 
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able to surpass Lee’s group’s conversion efficiency in spite of very high JSC because both the 
VOC and FF deteriorated by ca. 30% and 20%, respectively. In the overall comparison of the 
efficacy of PbS as sensitiser for solar cell, another study is needed to be able to preserve both 
the VOC and FF of the former group while achieving the high JSC of the latter group resulting 
in 10% efficiency. There are other studies in QDSSC that are relevant to this thesis such as 
the demonstration of the successful suppression of charge recombination between the 
collecting electrode (FTO) and the redox electrolyte by application of electron blocking layer 
(Tachibana et al., 2008). These are but a few of research works conducted by a number of 
research groups focusing on different components of the QDSSC. More detailed discussion 
about studies on QDSSCs can be found in chapter 3. 
Another way of understanding how the QDSSC works and the factors affecting its overall 
solar cell performance is through theoretical evaluation. This can be done by conducting a 
simulation of the solar cell operation through mathematical simulation using a computer 
algorithm based on the single-diode equation (Kassis and Saad, 2003, Murayama and Mori, 
2006, Qi and Wang, 2013). Although there are published reports using the double-diode 
model (Polman et al., 1986, Stutenbaeumer and Mesfin, 1999, Radziemska, 2005) in fitting 
the solar cell data, the present thesis investigates further the use of the single-diode model to 
find best-fit values for the input parameters to the model for a number of experimental 
QDSSCs. 
1.4   GAPS IN KNOWLEDGE AND UNDERSTANDING OF QDSSC 
Based on the literature review of the works conducted to improve overall cell performance, 
which is reported in detail in Chapter 3 of this thesis, the main gaps in the body of knowledge 
and understanding of QDSSCs have been identified as follows: 
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• The commonly employed redox electrolytes in QDSSC are either polysulfide or its 
modified version. Hence no specific investigation has been conducted into the 
interfacial charge transfer kinetics of a CdS QDSSC or any other QDSSC based on 
ferrocyanide/ferricyanide electrolyte. 
• There are limited studies on the interfacial charge transfer kinetics and dynamics on a 
CdS QDSSC based on aqueous ferrocyanide/ferricyanide redox electrolyte. 
• There are no calculations on the anodic limiting current density on a CdS QDSSC 
based on aqueous ferrocyanide/ferricyanide redox electrolyte. 
• There are limited investigations on the open circuit voltage decay on a CdS QDSSC 
based on aqueous ferrocyanide/ferricyanide redox electrolyte. 
• There are no lifetime calculations on a CdS QDSSC based on aqueous 
ferrocyanide/ferricyanide redox electrolyte. 
• There are no studies where the maximum theoretical VOC has been reached or closely 
approached in a CdS QDSSC based on aqueous ferrocyanide/ferricyanide redox 
electrolyte. 
• There have been no studies on how the concentration combination of the reduced and 
oxidised species of the ferrocyanide/ferricyanide redox electrolyte affects electron 
injection and recombination. 
• No experimental study of the influence of concentrations in a 




• There has been limited analysis of the parameters affecting the QDSSC performance 
based on the diode model of a PV cell. 
• There are no studies showing alternative ways of handling QDs. 
• There has been limited research in applying the single-diode theoretical model to 
QDSSCs to fit simulated to experimental current-voltage curves. 
1.5  AIM AND OBJECTIVES OF THIS PROJECT 
The overall aim of this thesis is thus to understand the effects of the concentration in the 
redox electrolyte (in particular, the reduced to oxidised species concentration ratio) on the 
kinetics and dynamics of electrons at the interfaces of the CdS QDSSC. 
The objectives of this research are: 
• To review previous and current works on the enhancement of QDSSC conversion 
efficiency that focus on all components of QDSSC e.g. sensitisers, electrolytes, 
electrodes, and counter-electrodes. 
• To explore alternative way of controlling the size of QDs and find a cheaper and 
simpler alternative of handling the pre-synthesised QDs. 
• To advance the understanding of the interfacial charge transfer kinetics in a CdS 
QDSSC based on aqueous Fe(CN)64-/Fe(CN)63- electrolyte. 
• To analyse the effects of varying concentrations of the reduced (Fe(CN)64-) and 
oxidised (Fe(CN)63-) species in a ferrocyanide/ferricyanide electrolyte on the 
performance of a CdS QDSSC. 
• To identify the most influential factors on the output of a CdS QDSSC with such an 
electrolyte using the Matlab software for optimised fitting of a theoretical voltage-
current curve based on the diode model to experimental data. 
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• To evaluate whether a ferrocyanide/ferricyanide electrolyte with optimised 
concentrations offers the prospects of a QDSSC with improved overall performance. 
• To develop a computer simulation based on the diode model of a PV cell for 
optimising the QDSSC performance and to draw conclusions on individual influence 
of each parameter on performance  
• To disseminate the results of the investigation conducted via publication in peer-
reviewed journals. 
1.6  RESEARCH QUESTIONS 
In order to achieve the objectives of the thesis, there are essential research questions that need 
to be answered: 
• What are the alternative ways of handling QDs and how do they age based on these 
handling conditions? 
• How will ferrocyanide (reduced species) affect the interfacial charge transfer 
dynamics in a CdS QDSSC? 
• How will ferricyanide (oxidised species) affect the interfacial charge transfer 
dynamics in a CdS QDSSC? 
• What are the optimal reduced and oxidised species concentrations in a 
ferrocyanide/ferricyanide electrolyte to maximise the performance of a CdS QDSSC? 
• Which parameters in the diode model of the CdS QDSSC cell have the most influence 
on cell performance with this redox electrolyte? 
• To what extent does a ferrocyanide/ferricyanide electrolyte with optimised 





The planned outcomes of this thesis were the following: 
• Alternative synthetic parameters in QD size-engineering and alternative handling and 
storage. 
• A working CdS quantum dot sensitised TiO2 solar cell based on aqueous 
ferrocyanide/ferricyanide redox electrolyte.  
• A design for an alternative redox electrolyte for CdS quantum dot sensitised TiO2 solar 
cell based on aqueous ferrocyanide/ferricyanide redox electrolyte application that will 
improve the cell’s conversion efficiency. 
• Experimental methods on investigating the interfacial charge transfer kinetics in a CdS 
quantum dot sensitised TiO2 solar cell based on aqueous ferrocyanide/ferricyanide 
redox electrolyte.  
• Development of a computer model employing Matlab software to be used for 
simulation of the CdS quantum dot sensitised TiO2 solar cell based on aqueous 
ferrocyanide/ferricyanide redox electrolyte.  
• Investigation and analysis of the parameters affecting the solar cell performance based 
on the simulated j-V data using the computer model that has been developed. The 
calculated parameters will help in designing a high performance QDSSC in the future. 
• Analysis of the effect of different reduced and oxidised species concentration on the 
interfacial charge transfer dynamics of the CdS quantum dot sensitised TiO2 solar cell 
based on aqueous ferrocyanide/ferricyanide redox electrolyte. 
• Suggested possible directions for future work on the area of QDSSC especially relating 




1.8  SCOPE OF THIS RESEARCH  
The research in the present thesis firstly attempted to explore other means of controlling the 
size of QDs using PbS as the quantum dot model. QD has been known for its size-tunability 
(Nirmal et al., 1996, McDonald et al., 2005) property and Hines and Scholes have offered 
size engineering protocol by virtue of changing the precursor ratio during PbS QD synthesis. 
The resultant size engineering is synthesised dots in which absorption wavelength ranged 
from the visible to NIR region (Hines and Scholes, 2003). In the current study, both the 
precursor ratio and the injection temperature were explored as the main driving force in QD 
size-engineering exercise. Alongside size-engineering experiment the ageing of QD together 
with finding a simpler and cheaper alternative in handling the synthesised QDs were 
investigated. The result of this exercise offered alternative synthetic parameters to be applied 
when size-engineering the QD. This study also offered a timeframe for QD stability which 
showed the maximum time by which the QD managed to retain its original optical properties. 
Meanwhile, the exercise on storage and handling of QD offered cheaper and simpler 
alternative storage and handling of synthesised QDs especially when the dots need to be 
shipped. 
Chapter 6 discusses the investigation on the interfacial charge transfer kinetics of the liquid 
junction QDSSC using a CdS quantum dot-sensitised TiO2 solar cell based on aqueous 
ferricyanide/ferrocyanide electrolyte as a model. The role of redox electrolyte to the overall 
conversion efficiency will be investigated focusing at the QD-electrolyte, TiO2-electrolyte 
and counter-electrode-electrolyte interfaces. This offers a deeper understanding of the 
behaviour of electrons when electron injection is enhanced and recombination is suppressed 
or vice versa. This also results in discovering an alternative redox electrolyte for QDSSC. 
The theoretical and experimental current-voltage (j-V) is examined at different irradiation 
intensity as well as different reduced and oxidised species concentration ratios. Transient 
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photocurrent measurements were conducted to investigate the photocurrent decays at 
different reduced species concentrations. Anodic limiting current densities at different 
conditions were also calculated using modified Fick’s first law suitable for the solar cell 
model used. This calculation identified the maximum limiting current density range that this 
solar cell model is limited to. Open circuit voltage decays were measured and electron 
lifetimes were calculated to investigate the cell’s charge recombination dynamics which was 
controlled by the oxidised species concentration. These series of experiments and calculations 
paved the way to identifying the optimal reduced and oxidised species concentration 
combination. 
The parameters calculated from the theoretical j-V using the one-diode equation helped in 
identifying the parameters that have greater effect on the solar cell performance. Assessing 
the sensitivity of each parameter pinpointed which parameters will be prioritised during 
modification that will result in significant changes in the cell’s performance.  
For the main experiments, this research uses CdS sensitised TiO2 film-
ferrocyanide/ferricyanide redox couple structure in investigating the solar cell performance 
focusing on the interfacial charge transfer. Some minor experiments were performed to gain 
knowledge and information which is beneficial to the main theme of this research used other 
materials as specified in the experimental materials and methods section.  
The main topics covered in this research are the following: 
• Controlled nanomaterial synthesis using PbS and CdS as models. 
• Sensitisation of films using quantum dots via SILAR methods. 
• Investigation on the effect of changing the reduced and oxidised species 
concentration on the overall performance of the quantum dot sensitised solar cells 
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using aqueous ferrocyanide/ferricyanide redox couple as a model electrolyte and 
CdS sensitised TiO2 as the sensitised films as models. 
• Investigation on the interfacial charge transfer dynamics focusing on the redox 
electrolyte using CdS-sensitised TiO2 films and ferrocyanide/ferricyanide as the 
solar cell structure. 
• Photovoltaic characterisation of QDSSC. 
• Spectroscopic investigation of the QDSSC. 
• Study on performance improvement of CdS-sensitised solar cells using diode 
model.  
This thesis does not cover other types of QDSSCs, re-structure and redesign of the TiO2 
electrode; re-structure and redesign of the quantum dot sensitiser; synthesis of a novel 
semiconductor quantum dot; application of other electrolytes; and application of new 
sensitiser 
 
1.9  STRUCTURE OF THE THESIS 
A brief background about why this project has been undertaken, a short review of the current 
status of the QDSSC, and the objectives, research questions and planned outcomes have been 
described in the present chapter.  
The overall methods to be employed in order to achieve the research objectives and answer 
the research questions are discussed in Chapter 2.  
The current state of the art of the QDSSC is discussed Chapter 3. It then focuses on the 
detailed literature review of the studies conducted on QDSSC and DSSC. It is important to 
include literature review of the DSSC since the mechanisms of the two cells are similar. 
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Literature covering investigations conducted on each components of the QDSSC – such as 
the counter-electrode, redox electrolyte, sensitiser, semiconductor photoanode, collecting 
electrode, and electron-blocking layer – is reviewed to look for ways to improve the overall 
conversion efficiency of the solar cell. Studies on the interfacial charge transfer kinetics and 
dynamics of the QDSSC, in particular, are comprehensively reviewed to identify gaps in the 
body of knowledge and understanding of these crucial mechanisms.  
Chapter 4 covers quantum dot synthesis and size engineering. Quantum dot and its properties 
are discussed. Experimental methods on QD synthesis, size-engineering, ageing tests, and 
handling. Findings are summarised and conclusion and recommendations outlined. 
The detailed protocols used to fabricate QDSSCs in the present project are described in 
chapter 5, with the aim of assisting other researchers working in this field in the future.  
Chapter 6 discusses the redox electrolyte used in the thesis and the rationale behind this 
choice. Firstly, the role of the electrolyte in a liquid junction QDSSC is discussed. Several 
experimental methods are conducted in order to measure the redox potential of the electrolyte 
such as cyclic voltammogram, and spectroelectrochemical measurements. Calculation of 
redox potential was   also conducted and compared with the experimental value for 
verification. 
On the other hand, theories and calculations applied and used in the thesis are discussed in 
chapter 7. Calculations on diffusion flux, porosity, anodic limiting current, and electron 
lifetime. These calculations are important in understanding the experimental results reported 
in chapter 8. 
Chapter 8 discusses the result of series of experiments about the interfacial charge transfer 
kinetics of the CdS quantum dot sensitised solar cell based on aqueous 
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ferrocyanide/ferricyanide redox electrolyte. The results were reported in two parts: i) the 
effect of the reduced species of the redox electrolyte on the interfacial charge transfer kinetics 
of the CdS QDSSC and ii) the effect of the oxidised species of the redox electrolyte on the 
interfacial charge transfer kinetics of the CdS QDSSC. This chapter reported about the 
breakthrough in the understanding of the interfacial charge transfer kinetics of the QDSSC by 
changing the redox electrolyte concentration. An alternative redox electrolyte for QDSSC 
application is reported as well as experimental techniques on how to investigate the 
interfacial charge transfer kinetics of the QDSSC. 
A Matlab algorithm was written and developed to simulate the QDSSC function in terms of 
the j-V profile and is reported in chapter 9. The algorithm is written based on the single diode 
equation with five input parameters: photocurrent (JP), exchange current density (Zhang et al., 
2008), series resistance (RS), ideality factor (n) and shunt resistance (Rh).  These five 
parameters are then analysed to aid in designing a high-performing QDSSC. 
The findings and answers to research questions are summarised in Chapter 10 and the 
relevance of these results to the current body of knowledge is discussed. Conclusions are 







2.1  OVERALL APPROACH 
The overall approach employed on the thesis is both experimental and theoretical. The 
research has included synthesis, size-engineering, characterisation and further investigation 
of the ageing of QDs as well as exploring alternative handling and storage. Next QDSSCs 
were fabricated, based on the established protocols found in the literature. The study then 
focused on the effects of variations in the concentrations in the redox electrolyte on the 
overall performance of the QDSSCs. Hypotheses were formulated about the effects of the 
reduced and oxidised species in the ferrocyanide/ferricyanide redox electrolyte on the 
interfacial charge transfer kinetics in a CdS QDSSC. Experimental results from the chosen 
references similar and relevant to the current study were replicated in order to test these 
hypotheses. Also, this exercise ensured the author’s familiarity with the equipment, 
experimental procedures, and therefore level of accuracy of these experiments.  
Experiments to measure the changes in performance of QDSSCs when key parameters where 
changed one at a time, were then carried out. The immediate effects of these parameter 
variations were changes in the plotted j-V profiles of the cells. However, j-V characterisation 
was not enough to understand sufficiently the interfacial charge transfer dynamics of the CdS 
QDSSC. Additional experimental techniques such as transient photocurrent, transient 
photovoltage and the irradiation intensity dependence of j-V measurements were thus 
employed. At this stage, more definite conclusions were able to be drawn to answer the 
research questions posed in chapter 1. 
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The last exercise conducted in this thesis was the development of a Matlab algorithm for 
solar cell simulation based on the single-diode equation. This was to explore the possibility of 
improving the overall performance of QDSSC through design changes to vary the five 
parameters that characterise performance that were extracted from the simulation exercise.  
The experiments related to this thesis were carried out at the Royal Melbourne Institute of 
Technology’s City and Bundoora east campuses. The main experimental tasks were 
conducted by the author while some of the minor experimental tasks were conducted by other 
students as specified accordingly. The materials, techniques, theoretical frameworks, 
experimental procedures and analysis approaches are described in subsequent sections.  
2.2  RESEARCH PROJECT PHASES  
The research project was divided into four main phases: literature review, experimental, 
analysis and conclusions (Figure 2.1). These phases were designed in chronological order 
such that the preceding phase was the prerequisite of the succeeding one.  
Phase 1 included a review of the state of the art of QDSSCs focusing on relevant works 
conducted on this type of solar cells which have contributed in the improvement of the 
overall conversion efficiency. The review paved the way for the identification of the gaps in 
the body of knowledge on and understanding of QDSSCs. After identification of the gaps, the 
project proceeded to phase 2, which was the experimental part of the research project. The 
experimental phase consisted of a set of experiments that focussed on synthesis and 
characterisation of the QD – the sensitiser. This study explored the alternative ways of size 
engineering the QDs as well as finding alternative ways of handling and storage by 
conducting ageing test. The other experimental investigation focused on the solar cell itself, 
which is considered as the major experimental exercise in this thesis. This phase is 
summarised as involving synthesis, assembly and characterisation of the QDSSCs.  
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Phase 3 involved the analyses of the experimental results in both the QD and QDSSC 
together with the mathematical simulation of the QDSSC using the single-diode equation. 
This phase included the discussion of the results and the theoretical interpretations of these 
results which are relevant to the study conducted. Lastly, phase 4 was conducted, which 
included drawing up the findings and conclusions. The answers to the research questions 
were formulated in this phase, and recommendations made for future work in this area.  
2.3  MAIN ACTIVITIES IN EACH PHASE 
2.3.1. Review of the state of the art 
The review of the state of the art in chapter 3 is focussed on the QDSSC itself while the 
literature review about QDs is included in chapter 4. The examination of peer-reviewed 
literature on liquid-junction QDSSCs covers the different types of such cells in relation to the 
materials used in each component of the cell – i.e., photoanode, sensitiser, electrolyte and 
counter-electrode - is confined to liquid- junction QDSSCs, so that hence forth ‘QDSSC’ will 
refer just to this type.   
Studies conducted on each of the relevant components in a QDSSC that resulted in significant 
improvement in efficiency, or better understanding of their functioning, were thoroughly 
reviewed. This has helped in identifying the relevant areas of opportunity for improvement on 
each of these components and ultimately, to the overall conversion efficiency of the QDSSC.  
By this stage, the gaps in the body of knowledge and understanding were established and the 
specific area of interest for the thesis had been identified. Consequently, the research 
questions for the thesis were formulated.  
The materials to be used in the particular model of QDSSC employed in this thesis were 
identified, in particular the use of CdS as the quantum dot sensitiser, TiO2 for photoanode, 
45 
 
ferrocyanide/ferricyanide for redox electrolyte, and platinum for counter electrode. The 
investigation was focused on the studies relating to interfacial charge transfer dynamics in 
CdS QDSSC. Additionally, since the theories applied to QDSSCs are generally based on 
DSSCs, several references used to justify the experimental results were literatures relating to 
DSSCs. This is because the general mechanisms of both the QDSSCs and DSSCs are very 
similar and hence theories on interfacial mechanisms are applicable to both.  It was apparent 
from the literature review that there were gaps in knowledge and understanding of the effects 
of changing the relative and absolute concentrations of the ferrocyanide and ferricyanide 
components of the aqueous redox electrolyte in a CdS quantum dot sensitised solar cell. 
Hence investigation of the role of this redox electrolyte on the performance of the liquid 
junction in a CdS QDSSC was selected as the focus of the thesis. 
2.3.2. Experimental program   
2.3.2.1. Overview       
The overall experimental program used in the thesis is summarised in Figure 2.2. showing 
both the QD synthesis (including size control and ageing) and solar cell examination research 
streams. Theories and simulation of solar cells are also included, followed by analyses and 


















Figure 2.1. Flow chart of the overall method used in the thesis. 
2.3.2.2. QD size engineering and ageing test 
Firstly, quantum dot behaviour was investigated using PbS as a model. A series of syntheses 
was conducted to explore other ways to engineer the size of the QDs, seek simpler ways of 
handling and storing QDs; and investigate their ageing process. The QDs were synthesised 
based on the established protocols in the beginning, and then the parameters such as 
precursor ratios and temperature were modified to assess their effect on the size of QDs. The 
absorption spectra of the synthesised QDs were gathered to verify the diameter size. The 
ageing and storage/handling tests were both conducted in parallel with one another. Sets of 
conditions such as time and environment by which the tests would be conducted were 
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established. The full detail of QD size-engineering, ageing and handling tests is discussed in 
chapter 4. 
2.3.2.3. Spectroelectrochemical experiments 
The potential of the ferrocyanide/ferricyanide redox electrolyte was measured by a number of 
techniques. A straightforward method was through cyclic voltammetry (CV), conducted on 
an aqueous solution of ferrocyanide at 10 mM concentration with 100 mM LiClO4 as 
supporting electrolyte scanned from 700 to -300  mV at a sweep rate of 10 mV/sec. As the 
negative bias was applied to the working electrode, ferrocyanide (reduced species) was 
consumed until it was completely depleted and converted to ferricyanide (oxidised species) 
which is represented by the anodic peak potential (Bard and Faulkner, 1980) at 180 mV vs. 
Ag/AgCl. As the positive bias is applied, the ferricyanide that formed earlier started to get 
reduced until it was completely depleted thus converting it back to ferrocyanide. This is 
represented by the cathodic peak potential at 300 mV vs. Ag/AgCl. The electrode potential 
then returns to its initial set potential thus completing the cycle. The measured cathodic and 
anodic peaks were used to calculate the standard redox potential by taking the simple mean 
(2-1) of the potentials since the process is reversible. 
                                                     (2-1) 
where EP is the redox potential of ferrocyanide/ferricyanide, EPC is measured peak cathodic 
potential, and EPA is the measured peak anodic potential. The result of this experiment iss 
discussed in chapter 6.  
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2.3.2.4. j-V characterisation    
First, dark j-V, photo j-V and IPCE - Incident photon to current conversion efficiency (IPCE) 
or the external quantum efficiency measurement of the solar cell measurements were 
performed for various redox electrolyte concentration combinations and irradiation intensity, 
to begin the investigation of interfacial charge transfer dynamics.  
2.3.2.5. Plotting j-V profiles  
The j-V profile of a solar cell conveys a lot of information on its mechanisms, such as photo-
injection and recombination. The JSC – the maximum short circuit photocurrent density - 
provides the information on how well the absorption and photo-injection occur. On the other 
hand, we can learn about the recombination mechanism via its VOC – the maximum open 
circuit voltage. The fill factor (FF) – is the measure j-V profile’s squareness - gives the 
information about the series resistance and the parasitic shunt resistance in the cell. The 
interpretation of the characteristic parameters of the j-V profile is discussed in chapter 5.  
The current-voltage (j-V) data were measured using a solar simulator (HAL-320, Asahi 
Spectra Co. Ltd.) with a xenon lamp as the light source. A power meter (Asahi) was used to 
calibrate the irradiance intensity of the solar simulator prior to j-V measurements. The dark 
current is firstly assessed before the photocurrent measurement to check the diode behaviour 
(Giebink et al., 2010) of the solar cells which was captured due to the absence of the “noise” 
brought about by the light excitation from the solar simulator. Ideally, the photocurrent 
should just be the dark current plus the current produced from irradiation from the solar 
simulator. However, this is not usually the case due to many factors affecting the 
deterioration of the solar cell during illumination such as recombination losses and quantum 
dot degradation. The j-V profiles of the CdS QDSSC at different reduced and oxidised 
species concentration combination were measured using the solar simulator at AM1.5 (100 
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mW.cm-2). Another set of j-V profile experiments was conducted using different power 
intensity of the solar simulator, the procedure for which is described in chapter 8.  
The corresponding data gathered from j-V measurements such as short circuit current (JSC), 
open circuit voltage (VOC), fill factor (FF) and predicted photocurrent from IPCE 
measurements were plotted to find the relationships between these data and the parameters 
employed such as variation in concentration combination and variation in irradiation 
intensity.  
2.3.2.6. Plotting IPCE profiles 
The IPCE is determined by how efficient the light harvesting, electron injection and charge 
collection are in the solar cell (Tachibana et al., 2009). It also offers a lot of information 
about the solar cell such as its spectral response and conversion efficiency at a single 
wavelength (Xue et al., 2012). Hence IPCE measurements were conducted for all solar cells 
assembled in the thesis and were vital parts of the results, discussion, and conclusions drawn.  
 
The experimental setup for IPCE measurement generally followed that in the literature, using 
a xenon lamp for white light source that passed through a monochromator chopper (Xue et 
al., 2012). The chopped monochromatic light illuminated the solar cell and the measurements 
were conducted at a wavelength rate of 10 nm per sec with the spectral response plotted 
automatically as IPCE (y-axis) by wavelength (x-axis). A direct-current method was 
employed in this experiment using a desktop IPCE measurement system (Bunko Keiki, SM-
100), which also automatically calculated the corresponding predicted photocurrent of the 
solar cell using the equation: 
                   2-2 
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A calibrated 0.5 cm2 silicon diode was used to check the light intensity prior to measurement 
to ensure that the illumination was still within requirement.  
However, the j-V and IPCE data of the solar cells gave limited information about the 
mechanism of the cell since these profiles were representative of the overall interfacial charge 
transfer dynamics. Hence, investigating the individual charge transfer kinetics at each 
interface was essential in order to further understand the underlying dynamics. To do this, 
additional experimental techniques such as transient photocurrent and transient photo voltage 
were employed, as discussed in the succeeding subsections.  
2.3.2.7. Investigation of the interfacial charge transfer kinetics at TiO2/CdS and 
TiO2/electrolyte interfaces 
Transient photocurrent and photovoltage experiments were conducted to isolate the kinetics 
of electrons at the of CdS QD/TiO2 and TiO2/electrolyte interfaces, respectively. Here the 
charge transfer kinetics at these interfaces were evaluated and quantified giving rise to clear 
conclusions about how and why QDSSCs behave as each parameter was varied. The next 
stage was the analysis of the results by employing both the established theories and 
simulation using the single diode equation. 
First, transient photocurrent on the CdS QD sensitised solar cells were conducted using both 
the solar simulator at AM1.5G (1 sun condition, 100 mW.cm-2 25 OC ± 2 OC) and the 
monochromator at short circuit condition. Both setups required that the cells were applied 
with 0 V in dark condition until equilibrium was reached. The cells were then illuminated and 
the measured current recorded by the computer interface. Transient photocurrent experiments 
were conducted to investigate the behavior of the excited electrons at the interface of the CdS 
QD and the TiO2 nanoporous material. This experiment revealed which among the assembled 
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CdS QDSSC whose transient properties showed degradation, and which shown efficient 
regeneration of the CdS quantum dots upon continuous illumination.  
On the other hand, transient photovoltage measurements were conducted to investigate the 
behavior of the electrons at the interface of the nanoporous TiO2 layer and the electrolyte 
This exercise was conducted at open circuit using the same solar simulator at AM1.5 (100 
mW.cm-2) on a CdS-sensitised TiO2 solar cell.  The cells were illuminated until an 
equilibrium condition was achieved. Illumination was then interrupted and the photovoltage 
decay was recorded. Essentially, the transient photovoltage is measured in dark condition 
(Zaban et al., 2003); therefore the experiment measures only the movement of electrons from 
the TiO2 to the electrolyte. This information is very important in verifying the j-V profiles 
gathered in earlier experiments as it measured how long does the electron survive at the TiO2 
before it recombines to the electrolyte or commonly known as electron lifetime (Bisquert et 
al., 2004). This exercise shed light on why a CdS QDSSC at a particular concentration 
combination of the reduced and oxidised species performed better or worse than other cells at 
different concentration combinations. 
The CdS QDSSC was first fabricated (described in chapter 5), and then a series of PV 
characterisations was conducted under different cell conditions. First, the reduced species in 
the electrolyte was optimised by changing its concentration and the j-V profiles were 
measured to identify the optimal concentration that gives the best overall cell performance. In 
addition, j-V profiles were characterised using varying irradiation intensity in conjunction 
with varying reduced species concentration. Transient photocurrent experiments were also 
conducted to help in optimising the reduced species concentration. The experimental details, 





Figure 2.2. Overall experimental method used in the thesis. 
Another set of experiments was conducted in order to determine the optimal oxidised species 
concentration after identifying the optimal reduced species concentration. The solar cells j-V 
profiles were characterised using similar method as the reduced species investigation with the 
oxidised species concentration being varied this time. Similarly, additional experimental 
techniques, i.e. transient photovoltage, were conducted to understand better the underlying 
mechanism of the oxidised species in the cell. IPCE measurements were also conducted in 
both set of optimisation exercise to support the j-V characterisation of the cells. Auxiliary 
experimental techniques were implemented such as absorption spectroscopy in both 
optimisations in order to support an argument, cyclic voltammogram and 
spectroelectrochemical experiments to determine the redox potential of 
ferrocyanide/ferricyanide electrolyte. Additional calculations were performed in each 
optimisation, such as diffusion flux, limiting current and electron lifetime to justify the 
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argument during analyses. The detailed experimental protocol in ferrocyanide and 
ferricyanide optimisation exercises is described in chapter 8.       
2.3.3. Analysis of results 
The effect on QD size of varying the precursor ratio and the injection temperature monitored 
via the absorption spectra of the dots was analysed. Several methods of handling were 
explored in order to find the simplest and cheapest way of handling pre-synthesised QDs 
without jeopardising its optical properties. In addition, the ageing and size centering of the 
QDs were monitored, as reported in chapter 4.  
On the other hand, the changes in interfacial charge transfer kinetics of the cell as 
concentrations of the reduced and oxidised species were systematically increased or 
decreased were observed through the changes in j-V and IPCE profiles. The analysis of the 
results provided a clear understanding of the charge transfer kinetics at the interfaces of the 
cell, thereby offering ways on how to control this kinetics. Ultimately, the knowledge on how 
to control the interfacial charge transfer kinetics could pave the way on how to further 
improve the overall performance of the QDSSC, which is the main aim of this thesis. 
The analysis of actual experimental results involved plotting of j-V, IPCE, transient 
photovoltage and transient photocurrent profiles where the changes in the interfacial charge 
transfer kinetics of the QDSSC upon changing the concentrations of the reduced and oxidised 
species in the redox electrolyte where closely monitored and analysed.  
After the analysis of the experimental results, a mathematical investigation of the solar cell 
performance was then conducted using an algorithm written in Matlab software, as described 
in detail in chapter 9.  
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2.4 SUMMARY    
The optimal reduced and oxidised species concentration combination was identified and 
consequently offered an alternative aqueous redox electrolyte based on 
ferrocyanide/ferricyanide electrolyte. The parameters that had the most effect on the solar cell 
performance were identified and could offer a way to design a higher efficiency QDSSSC. In 
addition, alternative ways of QDs size-engineering were established as well as a simpler and 




3. RRENT STATE OF THE ART OF QUANTUM DOT SENSITISED 
SOLAR CELLS 
3.1 OVERVIEW 
In this chapter, the state of the art of QDSSC is reviewed, with particular emphasis on liquid-
junction QDSSCs, to determine the gaps in the body of understanding and knowledge within 
this technology area. The review starts with an introduction to the QDSSC as one of the 
emerging solar PV technologies as defined by the NREL (NREL, 2018). Brief comparisons 
between different solar PV technologies in terms of their efficiencies are noted, along with 
the main factors leading to the large disparities in performance between these types of solar 
cells. Then the review concentrates on the studies on the QDSSC over the years, specifically 
works that have contributed significantly to understanding the mechanism of the QDSSC and 
consequently have boosted overall conversion efficiency.  
The review covers in turn developments in QDSSC i) quantum dot sensitisers, ii) photo-
anodes, iii) redox electrolytes, and iv) counter electrodes. Different types of QD sensitiser 
and modifications to these that have resulted on significant advancement of the overall 
performance of the QDSSC are identified. Although this thesis focuses on the role of the 
electrolyte in the overall performance of the QDSSC, the role of the quantum dot sensitisers 
in the overall performance of the QDSSC is interrelated with the functions of the redox 
electrolyte and hence vital in this study. The choice of CdS as the quantum dot sensitiser in 
the QDSSC studied in this thesis is then explained. Similarly, the role of the photo anode 
could not be ignored since its role is vital in photocurrent generation. The recent 
developments on photo anodes employed in the previous studies are reported and the chosen 
TiO2 photo anode is explained.  The review then moves on to the advances on the QDSSC 
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achieved by modifying the redox electrolytes or utilisation of novel electrolytes. The role and 
mechanisms of the redox electrolyte in the QDSSC is explained. The choice of 
ferrocyanide/ferricyanide redox electrolyte to be employed in this study is explained. 
Meanwhile, the role of the counter electrode in the function of the QDSSC is equally 
important since, akin to the quantum dot sensitisers, photo anodes, and redox electrolytes, the 
functions of the counter electrodes are complementary with the functions of the redox 
electrolytes. A platinum counter electrode was chosen for the reasons explained in the 
literature review. At this stage the relationship between the quantum dot sensitisers, counter 
electrode and the redox electrolyte is clearly manifested. The importance of the charge 
transfer dynamics at the interfaces between these four components is then explained.  
Although this thesis is about QDSSC, it is relevant to include the works conducted on dye 
sensitised solar cells (DSSC) in the review since the general mechanism and structure of both 
the QDSSC and DSSC are very similar. Hence, the theoretical analyses on the interfacial 
charge transfer dynamics on the DSSC proved to be very useful in understanding the 
dynamics of the QDSSC. Most of the important findings on the interfacial charge transfer 
kinetics and dynamics were actually based on the theories developed for DSSC. However, an 
independent detailed explanation on how the DSSC works and the studies that have been 
conducted to advance the understanding of the mechanisms of and the overall performance of 
the DSSC are not included in the thesis. The references related to the DSSC were used during 
the discussion of the QDSSC experimental results. 
The chapter concludes by identifying, in detail, the gaps in the body of understanding and 
knowledge of liquid junction QDSSC, and explains the focus in the present study on the role 
of the redox electrolyte in the improvement of the QDSSC.  
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3.2 QUANTUM DOT SENSITISED SOLAR CELLS:  PRINCIPLES OF OPERATION 
AND MAIN TYPES 
3.2.1 Introduction 
QDSSCs were developed originally based on the design and functioning of DSSCs. Hence 
the structural architecture and general operation of the two types of cell is similar. However, 
the operational details of a QDSSC – such as and especially, the kinetics at the interfaces –are 
not entirely similar to those of the DSSC, mainly due to the difference in the sensitiser used. 
The former uses quantum dots while the latter uses organic dyes for this purpose. This major 
difference has required a complete re-thinking of the remaining components to be used in 
assembling the QDSSC, most notably the redox electrolytes to be used. This section 
discusses the mechanism of the QDSSC, its potential advantage over other solar cell types, 
quantum dots as the sensitiser, and the main varieties of this type of cell. 
3.2.2 Potential advantages of quantum dot sensitised solar cells 
The current mainstream solar photovoltaic technology that relies on silicon as its main 
material is energy-intensive and has a lower maximum thermodynamic efficiency ceiling. 
Although this technology has dramatically improved over the years, the scientific community 
has relentlessly searched and investigated alternative materials for solar photovoltaic 
applications. There have been numerous materials that were considered for this application, 
the most prominent being the use of organic dyes as photon absorber in a DSSC, or most 
widely known as the Gratzel solar cell (O'Regan and Graetzel, 1991). This breakthrough 
technology’s main selling point was its low-energy intensive manufacturing process, and 
hence cheap manufacturing costs – the latter being more important mainly because silicon 
solar cells were expensive back then. Currently, the cost of silicon-based solar cells have 
been dramatically reduced, thanks to the advances in technology such as application of a 
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heterojunction model, which is achieved by putting the cells in parallel to each other thereby 
increasing the current producing capacity of the solar panels. However, semiconductor 
QDSSCs have become one of the more popular next-generation solar cells due to the 
superiority over organic dyes of the quantum dot (QD) as a sensitiser. Briefly, QDs have the 
ability of absorbing photons over the wider range of solar spectrum due to their size-
tunability (Lee et al., 2008a, Jovanovski et al., 2011), by controlling the conditions prevailing 
during synthesis. Additionally, a QD can absorb a higher number of photons per unit volume 
as a result of its high extinction coefficient (Braga et al., 2011, Cademartiri et al., 2006, 
Mora-Sero et al., 2008). Another important attribute of semiconductor QDs is their ability to 
have multiple exciton generation (Nozik, 2008, Sambur et al., 2010), which can pave the way 
towards a greater than 100% Incident Photon to Current Efficiency (IPCE) (Lee et al., 2008a) 
(Lee et al., 2008a).  
It is important to note the other interesting phenomenon in the QDSSC: that is, the ability for 
multiple exciton generation (MEG) introduced by Nozik in 2001 (Nozik, 2001) and 
demonstrated successfully in several works (Ellingson et al., 2005, Hanna and Nozik, 2006, 
Beard, 2011, Semonin et al., 2011). Just recently a conversion efficiency of 11% was 
achieved by Wei and co-workers (Wei, 2016) while a conversion efficiency of 6.6% was 
achieved by Radich’s group via improvement in charge transfer through modification in QD 
sensitiser (Radich et al., 2014b). This modification was done by introduction of CuxS on the 
surface of CdSe as hole mediator between the QD and the redox electrolyte resulting in an 
impressive enhancement in the overall solar cell conversion efficiency (Radich et al., 2014b). 
Meanwhile, Bisquert’s group has achieved 8.21% by suppressing charge recombination in 
CdSexTe1–x QDSSC by applying two layers of inorganic ZnS/SiO2 onto the photoanode 
(Zhao, 2015).  The following year, another work by Bisquert group’s (Du et al., 2016) has 
yielded 11.6% conversion efficiency by utilising a mesoporous Carbon-Ti mesh in a CdSe-
 59 
 
Te-polysulfide QDSSC by reducing the redox potential resulting in high photovoltage of 
almost 800 mV. Very recently, QDSSC’s conversion efficiency has surpassed that of dye 
sensitised solar cells (DSSC) and  Burschka group’s QDSSC result of 15% (Burschka et al., 
2013) at 16% as reported by NREL (NREL 2019).  
Although the rate of improvement in the overall conversion efficiency of the QDSSC is quite 
fast for such a short period of time, it is still very far compared to the single-junction (non-
concentrator) silicon-based solar photovoltaic panel which has an efficiency of ca. >20% 
(NREL, 2018). The wide gap between these two technologies can be attributed to the 
maturity of the silicon solar cell technology which has been around for more than four 
decades. Clearly, there are still many untapped aspects that need to be thoroughly 
investigated in the area of QDSSC. Most of the ground-breaking studies focus on the 
interfacial kinetics and dynamics of the QDSSC and rightfully so because these areas are 
parallel to charge transfer of the solar cell. To put that into perspective, a QDSSC with an 
efficient sensitiser will not result in a high performance solar cell if the electron injection not 
efficient and recombination is dominant at the interfaces. 
Since the performance of a solar cell is largely affected by how efficient the charge is 
transferred at the interfaces (Chakrapani et al., 2011), (Evangelista et al., 2016), the present 
study focuses on the interfacial charge transfer kinetics of a QDSSC. 
In the next section, it is explained what a quantum dot is and why it is considered to be more 
advantageous than the organic dye sensitiser. 
3.2.3 Quantum dot as sensitiser 
Quantum dots are potentially more attractive than organic dyes as sensitisers due to their 
unique properties such as size-tunability (McDonald et al., 2005, Lee et al., 2008a, Moreels et 
al., 2009) (Veamatahau et al., 2015). Size-tunability stems from quantum size effects 
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(Katsikas et al., 1990) (Mao et al., 2016) (Kamat et al., 2013) that allow the quantum dots to 
be engineered with a very small diameter (<5  nm) so they can absorb photons over a wider 
spectral range with a  high extinction coefficient (Cademartiri et al., 2006, Mora-Sero et al., 
2008, Braga et al., 2011), resulting in effective light harvesting capability. QDs are also 
relatively easy to manufacture by a roll-to-roll process (Tachibana et. al., 2008).  
Quantum dot is also known for its ability for Multiple Exciton Generation (MEG), which 
results in generation of two or more units of excited electrons from one unit of photon. This 
happens when the dots absorb energy twice its bandgap energy. In silicon solar cells this 
excess energy will be expelled via heat energy whereas with QDSSC the excess energy is 
used to create more excitons thus, more photocurrent is generated. In Shockley-Queisser 
efficiency limit comparison, single junction silicon solar cell is at 31% maximum theoretical 
limit while QDSSC with MEG property exceeds 100%.   
Indeed, quantum dots offer very unique properties that, when properly exploited, could result 
in unprecedented overall conversion efficiency in a QDSSC. Together with the anticipated 
maximum theoretical thermodynamic conversion efficiency at 66% and the capability of 
achieving more than 100% internal quantum yield efficiency, the QDSSC is arguably an 
important type of next-generation solar cell that could possibly be both low cost and highly 
efficient. 
3.2.4 Main Types of Quantum Dot Sensitised Solar Cell 
3.2.4.1. Classification criteria 
 QDSSCs can generally be classified as either having a structural architecture based on solid 
state or liquid junction type QDSSCs such that the redox electrolyte is in liquid state. Liquid- 
junction QDSSCs can be further classified on the basis of the method of depositing the QD 
sensitiser on the semiconductor material, employed. Additional classifications of QDSSCs 
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are based on the material used to build the solar cell such as the sensitiser used, photoanode, 
redox electrolyte and counter-electrode. These classifications are described in the following 
subsections. 
3.2.4.2.  Types of structural architecture 
QDSSCs are generally divided into cells with a liquid junction or a solid-state junction.  
Liquid and solid here refer to the phase of the redox electrolyte used.  The solid state 
electrolyte is usually an organic material that can transport holes (redox electrolyte 
equivalent). Liquid electrolytes that have been used in QDSSCs include 
ferrocyanide/ferricyanide, Iodide/Triiodide, cobalt complex, and polysulfide. The present 
thesis focuses on the liquid junction QDSSC with a ferrocyanide-ferricyanide redox 
electrolyte.  
3.2.4.3.  Types of Quantum Dot sensitiser 
Various QD sensitisers have been used for QDSSCs such as cadmium chalcogenide 
(Tachibana et al., 2007b, Lee et al., 2009a), CdSe (Shen et al., 2008, Fan et al., 2009), and 
CdTe (Bang and Kamat, 2009) and achieved relatively good conversion efficiencies. PbS 
(Lee et al., 2009a, Sung et al., 2013), CdS/CdSe core shell (Htoon et al., 2010), and novel 
quantum dots such as CISeS (McDaniel et al., 2013) and CdSexTe1–x (Zhao et al., 2015) have 
achieved been the best performers so far, with the  latter achieving an 8.21% energy 
conversion efficiency. 
 The use of different quantum dot sensitisers has resulted in varied overall solar cell 
performance, with some resulting in high photocurrent but low open circuit voltage, and 
others vice versa, for example. In sum, the choice of QD sensitiser is a significant factor that 
can affect the overall performance of the cell.  
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3.2.4.4. Sensitisation methods 
There are three commonly-used methods of sensitisation of the photo electrode.  
First is the Successive Ionic Layer and Adsorption reaction (SILAR) method, which employs 
immersion of the substrate into separate cation and anion precursors forming the QD on the 
substrate. SILAR was developed in mid-1980s by Nicolau (Valkonen et al., 1997a, Guijarro 
et al., 2010a) where wide bandgap II – VI compounds were grown on a substrate by 
immersing on cation precursor, rinsed with water, dried then immersed to anion precursor ten 
rinsed and dried forming the desired quantum dots. The limitation of this method is the lesser 
control of the QD size such that the size distribution of the deposited QDs is broad as can be 
observed at its absorption spectra.  
The second sensitisation method is the chemical bath deposition (CBD) which was used in 
some QDSSC studies (Niitsoo et al., 2006, Tachibana et al., 2009). CBD method is a type of 
sensitisation where both the cation and anion precursors are mixed together in a reaction 
vessel. The substrates are then immersed in the mixture for a pre-determined length of time 
depending on the required size of QD.  Based on previous studies, this sensitisation method 
resulted in a more defined size distribution compared to SILAR.  
Thirdly, another way of sensitisation is via direct deposition of pre-synthesised quantum dots 
with (Lee et al., 2007, Pan et al., 2012) or without (Gimenez et al., 2009, Salant et al., 2010) 
linker molecule. As the name implied, this method needs the QDs to be synthesised first 
according to the required size. The synthesised QDs are then purified and prepared for 
deposition unto the substrate. The substrates are prepared by modifying the surface through 
introduction of linked molecule (in the case of those using a linker molecule) achieved via 
immersion in a linker molecule solution for a specified length of time. The amount of 
deposited QD sensitiser can be controlled by means of the concentration of the pre-
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synthesised QD solution granted that the substrate was completely modified with the linker 
molecule making it easy for the QD to adsorb. 
3.2.4.5. Types of photoanode 
The photoanode has a significant function in the overall performance of the QDSSC since it 
is responsible for accepting the photoinjected electron from the sensitiser thereby creating 
photocurrent.   The most commonly used photoanode is TiO2 and its modified version such as 
employing scattering layer (Zhang et al., 2011), inverse opal TiO2 (Diguna et al., 2007) or 
graphene-doped TiO2 (Zhu et al., 2010b). Other materials used as photoanode is ZnO nanorod 
(Tang et al., 2009), plain ZnO nanoporous photoanode (Barcelo et al., 2011), or novel 1D 
TiO2 photoanode ( Lu et al., 2017). Another type of photoanode that has been investigated as 
a possible alternative to TiO2 is SnO2 (Hossain et al., 2012). Further detailed discussion of the 
significant studies on photoanodes is given in subsection 3.4.3. 
3.2.4.6. Types of redox electrolyte  
The redox electrolyte is responsible for the regeneration of the oxidised sensitiser thereby 
facilitating continuous functioning of the solar cell. There are different types of electrolytes 
employed in QDSSCs such as I-/I3- (Paul et al., 2012, Niu et al., 2012), cobalt complex (Lee 
et al., 2009a) and polysulfide (Tachibana et al., 2007b, Gonzalez-Pedro et al., 2010).  A 
modified polysulfide ionic electrolyte was also used for in a QDSSC (Jovanovski et al., 2011) 
while another modified non-aqueous polysulfide electrolyte was also employed (Li et al., 
2011a). On the other hand, an organic thiolate/disulphide redox electrolyte has also been used 
in tandem with a PEDOT used for hole transport for CdS QDSSC (Shu et al., 2014). 
Recently, Tian’s group has modified a polysulfide electrolyte in a PbS QDSSC by replacing 
DI water with methanol resulting in reduced recombination and increased electron lifetime 
(Tian et al., 2016).   
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3.2.4.7.  Types of counter-electrode 
Another variation applied in QDSSCs is the application of different counter electrodes, such 
as platinum (Mora-Sero et al., 2008, Tachibana et al., 2009, Shen et al., 2006, Diguna et al., 
2007), carbon (Zhang et al., 2010), Cu2S (Deng et al., 2010, Radich et al., 2011, Lee et al., 
2013), organic counter electrode such as poly(3, 4-ethylenedioxythiophene) PEDOT (Shu et 
al., 2014), etc. Other modifications that have been tried on the photoanode as well as the 
redox electrolyte are discussed in detail in section 3.4. 
3.2.4.8. Classification of QDSSC used in current study 
The current study uses a liquid-junction QDSSC with an aqueous ferrocyanide/ferricyanide 
redox couple as the electrolyte, CdS as sensitiser, nanoporous TiO2 as photoanode, and 
platinum as the counter electrode.  
3.3 PRINCIPLE OF OPERATION OF QUANTUM DOT SENSITISED SOLAR 
CELLS 
The principle of operation of a CdS QDSSC is that, when light hits the QDSSC, a photon 
with energy higher than the CdS band gap is absorbed, creating an electron hole pair or 
exciton (Figure 8.1). The excited electron gets promoted to the CdS conduction band leaving 
behind an ‘oxidised hole’ at the CdS valence band.  (It is called an ‘oxidised’ hole to 
differentiate it from the ‘hole’ in an electron-hole pair.) This excited electron then gets 
injected from the CdS conduction band into the TiO2 conduction band, thus generating 
photocurrent. From the TiO2 conduction band the excited electron gets collected at the 
fluorine-doped tin-oxide (FTO) conducting electrode, and completes the loop by travelling in 
the external circuit to a load and ultimately back to the counter-electrode (platinum). The CdS 
QD oxidised hole is reduced by the reduced species in the electrolyte (ferrocyanide) 
regenerating the QD:  
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 [Fe(CN)64-  + CdS+  Fe(CN)63- + CdS0].                                        (3-1) 
Equation (3-1) results in the loss of one electron in the redox system, which is rectified by the 
oxidised species scavenging an electron at the counter-electrode to bring the redox potential 
back to its original state: 
[Fe(CN)63- + e-   Fe(CN)64-]                 (3-2) 
Three charge recombination paths are identified in this QDSSC configuration, as shown by 
the red broken lines in Figure 3.1. These recombination paths prevent the excited electron 
from completing the loop using the preferred paths (green lines). They result in the reduction 
of both the photocurrent and open circuit voltage of the QDSSC.  
 
Figure 3.1. A liquid junction CdS quantum dot sensitised solar cells based on 
ferrocyanide/ferricyanide redox electrolyte as it operates upon photon absorption are 
explained in the text Green pathways refer to those that generate photocurrent, and red 
to recombination pathways.  
The three recombination paths are specifically identified as: (1) from the QD conduction 





(3) from TiO2 to the redox potential. The recombination path between FTO and redox 
potential (+0.24 V vs. Ag/AgCl) has earlier been successfully suppressed by our group by the 
application of a dense TiO2 blocking layer (Tachibana et al., 2008). The first recombination 
path has been suppressed by depositing two layers of ZnS on the surface of CdS to passivate 
it (Lee et al., 2008b, Mora-Sero et al., 2009). However, a few trap states may not be 
completely passivated, so that when the oxidised hole is not readily reduced by the reduced 
species an opportunity is created for the excited electrons to recombine. To simplify the 
argument, it is assumed that this recombination path has been completely suppressed by the 
addition of the ZnS layer. Meanwhile, the second and third recombination paths are favoured 
when there is an abundance of positive ions in the electrolyte brought about by high oxidised-
species concentration and slow reduction of it at the Pt electrode. This situation creates a 
recombination path from either QD or TiO2 conduction bands. 
 During increased electron injection from the QD conduction band to the TiO2 conduction, 
the photocurrent increases. As electron injection to the TiO2 conduction band increases, 
electrons accumulate in the TiO2 conduction band, resulting in an increased (that is, more 
negative) Fermi level. Since the open-circuit voltage VOC is the distance between the Fermi 
level and the redox potential, this upward shift results in increased VOC.  
Since the architecture and operating principle of the QDSCC were based on DSSC operation 
with the former having been developed to address the limitation in photon absorption of dyes 
as sensitiser (Figure 3.2), it would be expected that the overall performance of the QDSSC 
would be at least similar to the DSSC. However, since the light absorbing materials or the 
sensitisers employed are different, a full restructuring of the electrolyte is vital in improving 
the overall performance of the QDSSCs. This rationale proves the complexity of the 
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operational mechanism of QDSSCs, so that thorough studies are needed to improve their 
conversion efficiency.  
 
Figure 3.2. Structural comparison between (A) quantum dot sensitised solar cell and (B) 
dye sensitised solar cells.  
There have been a few notable studies focusing on the role of the quantum dot sensitisers, 
photo anodes, redox electrolytes and counter electrodes that have contributed significantly in 
the advancement of understanding of how the QDSSC works. The results of these studies are 
individually discussed in the succeeding subsection 3.4. 
3.4 QUANTUM DOT SENSITISED SOLAR CELLS: TECHNICAL DEVELOPMENT 
TO DATE 
3.4.1. Efficiency gains 
Semiconductor QDSSCs offer a solution to a limitation of a DSSC in that its organic dyes 
absorb photons over a narrow range of the solar spectrum. But  like DSSCs, QDSSCs have a 
wide-range of possible applications, such as optoelectronics (Towe and Pan, 2000, Arakawa, 
2002, Costa-Fernandez et al., 2006), bio-applications (Michalet et al., 2005, Arya et al., 2005, 





Nozik et al., 2010). However, QDSSCs still suffer from very low conversion efficiency, as 
discussed in chapter 1. This very low conversion efficiency compared with the DSSC arises 
in spite of the fact that quantum dots have more advantages over organic dyes as sensitisers, 
especially when it comes to size-tunability and light harvesting capability.  
Size engineering of the QD changes its optical and electronic properties by virtue of quantum 
confinement (Bawendi et al., 1990, Olshavsky et al., 1990). This can lead to maximised 
photon absorption due to access to a wider range in the solar spectrum, resulting in increased 
photocurrent and open circuit voltage, and thereby improving overall conversion efficiency. 
The QD’s high extinction coefficient (Cademartiri et al., 2006), on the other hand, means that 
the same of QD can absorb more photons per unit mass compared to dyes due to the very 
high surface area to volume ratio of the dots. Moreover, due to MEG, a QDSSC has the 
potential to reach a maximum of 66% thermodynamic conversion efficiency by exploiting hot 
photogenerated carriers that can result in higher photovoltages and photocurrents (Nozik, 
2002). Higher photovoltage is achieved based on ‘minibands’ (sitting slightly above the 
conduction band but essentially still belonging to it as they are unfilled ). These minibands 
transport and collect hot carriers in the QD array serving as photo electrodes before they relax 
to the band edges (the lowest band in the conduction band) through phonon emission  (Nozik, 
2002). Higher photocurrent is achieved by utilising these hot carriers o generate and collect 
additional electron-hole pairs through enhanced impact ionisation processes – a process by 
which an electron (or hole) with enough kinetic energy (due to photon absorption) can 
generate free electron (or hole) and promote it to the conduction band by knocking the 
electron-hole pair from its bound state (Nozik, 2002).  
In spite of the similarities in working principles of the QDSSC and DSSC, the reason for the 
disparity in conversion efficiencies between the former at 6.6% (Radich et al., 2014b)  and 
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the latter at 11.9% (NREL, 2014) remains a big question. The lower efficiency of the QDSSC 
may be attributed to the infancy of the technology, since many factors that can affect the 
overall performance of the solar cells are not well-understood. In QDSSCs, quantum dots 
replace the organic dyes used as sensitisers in DSSCs, and these two materials behave 
entirely differently.  Therefore, the whole solar cell and its components need to be 
restructured, especially the quantum dots, redox electrolyte and the counter-electrode, as 
explained earlier.  
 
In spite recent advancements, QDSSCs are still far from their expected optimal efficiency. To 
date, the highest QDSSC efficiency is at 16% by Burschka et. al., (2019) as reported by 
NREL (2019) which is still low for a QDSSC considering its optoelectronic properties 
discussed in earlier chapters. 
It remains puzzling that the disparity in the conversion efficiency of DSSCs and QDSSCs is 
so large. Hodes  highlighted the difference in charge transfer times between the QDSSC and 
DSSC (Hodes, 2008) where it was found out that the DSSC has superior electron injection 
from the dye to the TiO2 while the QDSSC has more possible recombination pathways due to 
trap states (Hodes, 2008). The DSSC’s superiority in terms of electron injection means that it 
will achieve a higher JSC than the QDSSC. In addition, an increased Fermi level as a result of 
continuous electron injection towards TiO2 will further increase the VOC of the DSSC. On the 
other hand, the presence of trap states in the QDSSC means that it will generally result in 
lower VOC due to recombination from the CdS conduction band towards either the reduced 
species or the oxidised hole. Hodes further noted that the way to address the trap states issue 
with the QDSSC is to passivate the QD absorber with a suitable band-aligned semiconductor 
that will allow fast photoinjection to the TiO2 conduction band. QD surface passivation has 
been used previously that resulted in doubling the conversion efficiency (Yang et al., 2002) 
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with ZnS as the passivant that proved to help minimise the trap states (Tachibana et al., 
2008). Lee and co-workers have demonstrated the effective passivation by ZnS on a CdSe 
sensitised solar cell (Lee et al., 2008b). Meanwhile, Toyoda and Shen analysed the existing 
publications about the QDSSC and the DSSC to understand the reason for the big difference 
in the conversion efficiencies between the two (Toyoda and Shen, 2012). They suggested that 
further optimisation in the photoanode, QD sensitisation, electrolyte concentration and 
investigation of other possible counter electrode are needed in order to improve the overall 
conversion efficiency of the QDSSC (Toyoda and Shen, 2012).  
Nevertheless, there have been quite a few ground-breaking advancements in the 
understanding of the underlying mechanisms of the function of QDSSC, which have paved 
for the steady increase in its overall conversion efficiency that has been achieved. In fact, the 
possibility of bridging  the gap in conversion efficiencies between the QDSSC which 
currently stands at 10.60% (Lan, et al., 2018) and the DSSC at 11.9% (NREL, 2018) is not 
far-fetched. Based on NREL’s best cell efficiencies monitoring graph (Figure 1.1), QDSSCs 
have shown a steady and steep increase in conversion efficiency over the past few years, so it 
is highly probable that they will soon exceed the efficiency of DSSC conversion efficiency, 
which has been almost flat for more than a decade. 
The succeeding subsections discuss the investigations conducted on each of the four 
components that (Toyoda and Shen, 2012) have suggested need to be optimised in order to 
improve the overall conversion efficiency of the QDSSC. 
3.4.2. Development of quantum dot sensitiser  
Several key studies on QD sensitisers have led to the gains in the overall conversion 
efficiency of the quantum dot-sensitised solar cells. Hanna and Nozik employed a QD 
capable of carrier multiplication via multiple exciton generation (MEG) (Hanna and Nozik, 
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2006), as discussed earlier in chapter 3. The authors found that the MEG improved the 
performance of the QDSSC albeit not as much as its improvement in a photoelectrochemical 
cell application (Hanna and Nozik, 2006).  
Hodes’ group reported an innovative method of sensitisation where a Cd(OH)2=rich CdS QD 
was deposited onto the TiO2 prior to CdSe sensitisation, which resulted in improved 
performance (Niitsoo et al., 2006). They attributed this gain to the CdS having a passivation 
effect on the TiO2, thereby preventing recombination from the TiO2 to the electrolyte. This 
sensitisation protocol resulted in 2.8% conversion efficiency for a CdSe sensitised solar cell 
using chemical bath deposition (Niitsoo et al., 2006).  
Shortening the length of the passivating ligand in a QDSSC, where the pre-synthesised CdSe 
QDs are directly attached to the wide bandgap semiconductor material, can result in an 
internal quantum efficiency (IQE) of 100% in tandem with a modified polysulfide electrolyte 
(Fuke et al., 2010). Highlighting the enhancement in IQE is very important since it measures 
the conversion efficiency of the absorbed photon to current by the QDSSC. This study 
suggested that by shortening the length of the ligand molecule, charge injection and charge 
collection can be improved (Fuke et al., 2010). Another study on CdSe QDSSC was 
conducted by (Barea et al., 2010) where they modified the surface of the chemical-bath- 
deposited (CBD) CdSe through deposition of ZnS. It was found that, in conjunction with 
grafting the molecular dipoles, the photovoltaic performance can be dramatically improved. 
This improvement was largely due to the enhancement of both the charge injection and 
recombination dynamics (Barea et al., 2010).   On the other hand, Pan and co-workers 
achieved a marked increase in conversion efficiency by using a high- quality CdS core – 
CdSe shell sensitiser with an increased loading capability through bifunctional linker  
achieved via  ligand exchange (Pan et al., 2012). The enhanced conversion efficiency brought 
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about by this ligand exchange technique applied on the QD sensitiser was further increased 
through ZnS passivation and subsequent sintering. Tis procedure made the distance between 
the QD and the TiO2 shorter, resulting in a 5.32% conversion efficiency (Pan et al., 2012) in a 
CdS/CdSe QDSSC. Meanwhile, another QD surface modification was conducted by  doping 
the PbS QD with Hg2+, resulting in increased photocurrent and increased stability, and a 
conversion efficiency of 5.6% (Lee et al., 2013). The marked improvement in photocurrent 
was due to a stronger Pb-S bond as well as minimisation of structural defects in the QD 
sensitiser due to Hg2+ doping, which ultimately resulted in enhanced electron injection and 
suppression of recombination (Lee et al., 2013). Interestingly, a novel QD sensitiser, CISeS 
in tandem with CuxS (x<1) counter electrode and methanolic polysulfide electrolyte, was 
used by Klimov’s group to achieve an impressive 5.1% conversion efficiency in a QDSSC 
(McDaniel et al., 2013). This is a remarkable feat considering that the manufacturing process 
employed was simple, where the QD sensitiser after mild cation exchange with Zn2+ or Cd2+ 
had low toxicity compared to most QD sensitisers used in QDSSCs. Thus assembled solar 
cell was highly stable for a couple of months.  
As explained earlier, size of a QD tunable and corresponds to the dot’s absorption 
wavelength. This wavelength is inversely proportional to the bandgap.  Since only the 
photons with energy lower than the bandgap of the QD will be absorbed, a low bandgap 
semiconductor, such as CdS at 2.4 eV (Vogel et al., 1994b), with its valence and conduction 
bands at 0.6 V and -1.8 V vs. Ag/AgCl, respectively, is a good candidate to be used as a 
sensitiser (Tachibana et al., 2009). In addition, CdS QDs have proven to result in high 
quantum yield (Vogel et al., 1994b) cited by (Tachibana et al., 2009) ca. 70% IPCE. Due to 
its superior performance as a sensitiser, CdS has been widely studied and already has an 
established synthetic procedure. In fact, it was one of the first QD sensitisers to being studied 
(Gerischer and Luebke, 1986). With its, known high quantum yield (Peter, 1978), established 
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synthetic procedures (O'Brien and Saeed, 1996, Valkonen et al., 1997b, Mora-Sero et al., 
2009), low bandgap and favourable band alignment with the TiO2 that is beneficial for 
photoinjection (Becker et al., 2014), CdS QDs have been selected as the sensitiser in a 
QDSSC in the current study.   
3.4.3. Photoanode studies  
Kamat’s group conducted a feasibility study on the effect of an organic bifunctional linker on 
the overall performance of the QDSSC in a polysulfide electrolyte (Robel et al., 2006). The 
linker molecule was attached to a mesoscopic TiO2 prior to adsorption of the pre-synthesised 
CdSe. They observed that using a bifunctional linker such as mercaptopropionic acid results 
an increase in both the FF and the VOC under low intensity light. Applying high irradiation 
intensity resulted in decreased photocurrent due to accumulation of electrons at the TiO2  
(Robel et al., 2006). They found that this was caused by  the charge transport across the TiO2 
network being the limiting factor on the performance of the cell, due to electron transport 
inside TiO2 being much slower (µs – ms timescale) than the photoinjection from the QD to 
TiO2, which is ultrafast (fs-ps timescale). This is the reason why the photocurrent decreases at 
high power intensity brought about by the accumulation of charge at the TiO2 (Robel et al., 
2006). This information suggests that modification of the photoanode to make the charge 
transport inside the network faster easies the bottleneck of electrons in this region. Another 
study focusing on the photoanode was conducted where inverse opal TiO2 was used and was 
sensitised by chemical bath deposited CdSe (Diguna et al., 2007). Further optimisation 
through ZnS and fluorine ions passivation of the CdSe resulted in 2.7% conversion 
efficiency. The improvement in the QDSSC performance was due to the morphology of the 
inverse opal TiO2 allowing increased deposition of CdSe during sensitisation as well as better 
infiltration of the electrolyte during solar cell operation (Diguna et al., 2007). A compact 
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porous TiO2 photoanode modified to include both the transparent and scattering layers in 
tandem with in-situ chemical bath deposited CdS/CdSe QD sensitiser, in tandem with Cu2S 
counter electrode and polysulfide redox electrolyte, resulted in 4.92% conversion efficiency 
(Zhang et al., 2011). There was also  a study where the TiO2 was doped with graphene and 
used as the photoanode for a CdS QDSSC, with a 1.44% efficiency reported (Zhu et al., 
2010b) then further optimisation was done by the same group by replacing graphene with Zn, 
resulting in further improvement of the overall conversion efficiency (Zhu et al., 2010a). 
Based on the previous studies conducted on QDSSCs focusing on the effect of the 
photoanode on the overall conversion efficiency, TiO2 has proved to be the most popular 
photoanode material. TiO2 has a bandgap of 3.2 eV (Vogel et al., 1994b) with the valence and 
conduction bands at 2.7 V and –0.5 V vs. Ag/AgCl, respectively, which works well with the 
valence and conduction bands of the CdS in terms of subsequent charge transfer during the 
solar cell operation. The TiO2 is, hence, the photoanode of choice in this thesis. 
3.4.4. Redox electrolytes  
In parallel with the above studies, research focusing on electrolytes for QDSSCs has also 
been widespread. There have been a few notable studies focusing on the role of the redox 
electrolyte, sometimes in tandem with another modified component such as sensitisers, photo 
anode and counter electrode; to improve the QDSSC performance. The most commonly used 
electrolytes in QDSSCs are I-/I3- (Niu et al., 2012, Paul et al., 2012), cobalt complex for CdSe 
QDSSC resulting in 1.7% efficiency (Lee et al., 2009a) and polysulfide (Tachibana et al., 
2007b, Gonzalez-Pedro et al., 2010).  However, I-/I3-, for example, causes photo corrosion of 
the semiconductor due to incompatibility with the semiconductor (Lee et al., 2009a), leading 
to alow conversion efficiency. Bisquert’s group employed a modified polysulfide electrolyte 
for CdSe QDSSC resulting in high photocurrent at 14 mA-cm-2 (Jovanovski et al., 2011). 
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However the open circuit voltage and fill factor were low, ultimately resulting in just 1.86% 
conversion efficiency (Jovanovski et al., 2011). On the other hand, Hagfeldt’s group 
employed another version of modified polysulfide electrolyte in a CdS QDSSC, dramatically 
improving the fill factor to 0.89 and resulting in 3.2% efficiency (Li et al., 2011a). A 
polysulfide electrolyte with modified composition has also been applied to CdS QDSSCs but, 
predictably, resulted in low open circuit voltage and fill factor (Lee and Chang, 2008). The 
reason for the low open circuit voltage at polysulfide electrolyte can be illustrated using a 
potential energy diagram comparing polysulfide with ferrocyanide/ferricyanide redox 
electrolyte as shown in Figure 6.6.  
Vogel and co-workers, on the other hand, demonstrated the viability of CdS as sensitiser to 
wide band gap TiO2 for possible application in photo electrochemical cell employing both the 
polysulfide and the ferrocyanide/ferricyanide electrolytes for comparison purposes (Vogel et 
al., 1990). Another study using these two redox electrolytes but on a CdSe QDSSC found that 
the use of polysulfide electrolyte resulted in improved photocurrent and chemical stability 
(Bouroushian et al., 2006).  On the other hand, an enhanced charge transfer kinetics was 
observed when ferrocyanide/ferricyanide electrolyte however, deterioration of photoanode 
was evident (Bouroushian et al., 2006). A polysulfide electrolyte with modified composition 
has also been applied to CdS QDSSC. Predictably, the CdS QDSSC resulted in low open 
circuit voltage and fill factor (Lee and Chang, 2008) as commonly observed with QDSSCs in 
polysulfide electrolyte. A modified polysulfide electrolyte (Jovanovski et al., 2011) was used 
for CdSe QDSSC application resulting in high photocurrent at 14 mA-cm-2 (Jovanovski et al., 
2011). However the open circuit voltage (VOC) and fill factor (FF) are very low at just 0.42 V 
and 0.32 V, respectively resulting in just 1.86% conversion efficiency (Jovanovski et al., 
2011) again, following the general trend for polysulfide electrolyte in QDSSC. On the other 
hand, Hagfeldt’s group utilised another version of modified polysulfide electrolyte in an 
 76 
 
organic solvent on a chemical bath deposited CdS QDSSC and dramatically improved the FF 
to 0.89 and VOC to 1.2 V resulting in 3.2% efficiency (Li et al., 2011a). This has been so far 
an unmatched FF and VOC experimental results for CdS QDSSC or any QDSSC employing 
polysulfide electrolyte making this study quite an achievement.  
A CdSe QDSSC with an efficiency reaching 1.7% has been achieved by employing a cobalt 
complex electrolyte while investigating the cause of much lower conversion of QDSSC 
compared with DSSC (Lee et al., 2008a). Researchers found that the inferior optical density 
and charge collection efficiency was the main reasons for the CdSe QDSSC’s low efficiency 
(Lee et al., 2008a). The following year, the same group utilised yet again the cobalt complex 
electrolyte in both the PbS and CdS QDSSCs where they have found that the cobalt complex 
electrolyte perform better than when applied with polysulfide electrolyte (Lee et al., 2009a). 
Additionally, the authors noticed that the photocurrents of the QDSSCs were diffusion-
limited at higher irradiation intensity (Lee et al., 2009a).  
There had also been a study utilising I-/I3- as redox electrolyte such as for CdSe/ZnS core 
shell QDSSC that focuses on the improvement of the sensitiser’s stability via introduction of 
core shell architecture on the QD (Sambur and Parkinson, 2010). That is somehow a 
surprising finding for the group because it had been found out a year earlier that I-/I3- 
electrolyte causes photo corrosion of the semiconductor QD (Lee et al., 2009a) thereby 
affecting the stability. The photo corrosion was attributed to the electrolyte’s incompatibility 
with the semiconductor (Lee et al., 2009a) resulting  in lower conversion efficiency as 
compared with polysulfide (Paul et al., 2012). On the other hand, (Fuke et al., 2010) 
compared the performance between Na2S and Li2S in a CdSe QDSSC mentioned in 
subsection 3.4.2 and found that the latter resulted in enhanced IQE when used in tandem with 
short length passivating ligand for the QD sensitiser. Recently, another group has used an 
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organic thiolate/disulfide electrolyte to team up with a 2,2 poly(3,4-
ethylenedioxythiophene) or (PEDOT) counter electrode for a CdS QDSSC that resulted in 
1.53% efficiency (Shu et al., 2014). The improvement in the overall conversion efficiency 
was brought about by suppressed charge recombination enhanced by employing 
thiolate/disulfide redox electrolyte while PEDOT counter electrode enhanced the 
electrochemical activity between electrolyte and counter electrode (Shu et al., 2014). 
Although the group’s JSC and FF are comparable with our results, the overall conversion 
efficiency is about 25% lower than ours due to the group’s much lower VOC at 0.52 V 
comparing to this thesis’ optimised VOC of 0.8 V. 
Indeed, the electrolyte in the QDSSC or any regenerative photo electrochemical cell plays a 
major role in improving its overall performance specifically in the enhancement of interfacial 
charge transfer kinetics of the cell (Chakrapani et al., 2011). From the review of the studies 
focusing on the electrolyte to improve the solar cell performance, only the application of 
different or electrolytes have been studied. However, the individual effect of the electrolyte’s 
reduced and oxidised species on the charge transfer kinetics at the interfaces within the 
QDSSC has been overlooked. It can also be generally deduced that the main problem with the 
electrolytes previously investigated is that they resulted in low VOC and FF thereby, adversely 
affecting the overall conversion efficiency of the QDSSC.  
Since VOC is described as the distance between the redox potential and the semiconductor 
Fermi level (Zaban et al., 2003, Gratzel, 2003), choosing a redox electrolyte with a potential 
that is higher than the QD valence band, but is farther from the semiconductor Fermi level, is 
a must in order to achieve a higher VOC. Figure 6.6 shows the comparison between the redox 
potential of polysulfide and ferrocyanide/ferricyanide electrolytes where the latter is the 
superior choice in order to achieve higher VOC since its distance from the semiconductor 
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Fermi level is larger than that of the polysulfide’s. In addition, the ferrocyanide/ferricyanide 
electrolyte is known to have a high standard rate constant (Rubin et al., 1984, Tachibana et 
al., 2008), which can prove to be advantageous in terms of the interfacial charge transfer 
kinetics. Hagfeldt’s group, on the other hand, has reported studies on both CdS QDSSC and 
DSSC where they achieved a much higher VOC than the rest of the studies using modified 
polysulfide electrolyte in organic solvent (Li et al., 2011a, Li et al., 2011b). It is somewhat a 
contradiction to the definition of VOC, being reliant on the distance between the redox 
potential and the semiconductor Fermi level (Gratzel, 2003). The group’s argument for the 
high VOC is that the modification of the polysulfide electrolyte has pushed its redox potential 
more positive and thus away from the semiconductor Fermi level. The measured final redox 
potential of the modified polysulfide is at equivalent of 0.8 V vs. Ag/AgCl (Li et al., 2011a) 
compared to -0.65 V vs. Ag/AgCl for polysulfide electrolyte in alcoholic aqueous solution 
(Hodes et al., 1976, Bouroushian et al., 2006), which was also the electrolyte that was used to 
compare with the ferrocyanide/ferricyanide in this study. Furthermore, the group argued that 
the presence of the modified polysulfide in the solar cell pushes the TiO2 Fermi level to more 
negative, thereby further increasing the distance between the redox potential and the Fermi 
level (Bang and Kamat, 2009, Li et al., 2011b, Ning et al., 2011). On the one hand the 
modified polysulfide electrolyte used by this group had entirely different structure and 
solvent compared to the polysulfide that we are discussing in this chapter. That could prove 
the unsuitability of comparison between this modified polysulfide electrolyte with the 
electrolyte we are employing in this research. 
Meanwhile, ferrocyanide/ferricyanide redox electrolyte is known for its high standard rate 
constant (Rubin et al., 1984, Tachibana et al., 2008), which promotes enhanced interfacial 
charge transfer kinetics in a QDSSC. Hence, this particular redox electrolyte was chosen as 
the electrolyte to be used in the CdS QDSSC model in this thesis. 
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Tachibana’s group had previously used the ferrocyanide/ferricyanide redox couple to 
investigate the effect of an electron blocking layer between the conducting electrode and the 
porous TiO2 semiconductor on the performance a QDSSC (Tachibana et al., 2008). The 
general mechanism of the QDSSC is discussed in subsection 3.3 and the three charge 
recombination paths were identified as the pathways (Figure 1.6) that can prevent the excited 
electron from following the preferred injection path, and hence reduce the photocurrent. T; 
and (3) from the QD conduction band to the redox potential. The first recombination rate was 
successfully suppressed by applying a dense TiO2 blocking layer (Tachibana et al., 2008) 
which was also applied in this study. The second recombination rate was suppressed by 
depositing two layers of ZnS on the surface of CdS to passivate it (Lee et al., 2008b, Mora-
Sero et al., 2009) and was also adopted in this study. However, charge recombination through 
this path can still be favoured when the oxidised hole is not readily reduced by the reduced 
species, thereby creating an opportunity for the excited electron at the QD conduction band to 
recombine to the hole at the valence band. Lastly, the third recombination path can be 
favoured when the oxidised species is not readily reduced at the Pt electrode. The present 
study aims to address how the last two recombination paths can be suppressed by 
optimisation of the ratio of the concentrations of the reduced and oxidised species in the 
electrolyte. 
3.4.5. Counter Electrodes  
The role of the counter electrodes in the overall performance of the QDSSC is not lesser than 
the roles of the sensitisers, photoanode or redox electrolytes. This is because counter 
electrodes support the regeneration of the redox electrolyte by donating n electron to replace 
the electron lost by the redox electrolyte when it reduced the oxidised QD. In order to achieve 
efficient charge transfer, the counter electrodes need to have a superior interaction with the 
electrolyte to support fast reduction of the oxidised species in electrolyte, which in turn 
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reduces the oxidised QD hole at the QD valence band. These activities within the cell are 
optimised via superior charge transfer kinetics between the counter electrode and the 
electrolyte. Pan and co-workers used a Cu2S counter electrode in tandem with polysulfide 
electrolyte to achieve their impressive 5.32% conversion efficiency (Pan et al., 2012), as 
discussed in subsection 3.4.2.  
The study of counter electrodes in QDSSCs has also been prolific these past years. Fan and 
co-workers reported a 4.36% conversion efficiency of a QDSSC by employing a novel 
ordered multimodal porous carbon as counter electrode for CdSe QDSSC (Fan et al., 2010). 
On the other hand, Barea et al., (2010) used platinum in showing the pronounced 
enhancement in photovoltaic performance through grafting of molecular dipoles in 
conjunction with ZnS passivation on a CdSe QDSSC. (Yang et al., 2011) used CuS, CoS and 
CuS/CoS as counter electrodes to compare the electrocatalytic activity of these electrodes 
where they found that, in conjunction with polysulfide redox electrolyte, the CdS/CdSe 
QDSSC reached 4.1% conversion efficiency when employed with CuS/CoS counter 
electrode. Meanwhile, A Mn-doped PbS counter electrode has been shown to improve the 
performance of CdS/CdSe QDSSC at 3.61% by enhancing the electron supply from the 
counter electrode to the electrolyte resulting in improved redox reactions (Kim et al., 2014). 
Another counter electrode related study that resulted in 3.86% conversion efficiency used an 
optimised reduced-graphene oxide-Cu2S counter electrode in a CdS/CdSe QDSSC that 
showed better performance compared to Pt or plain Cu2S counter electrodes (Ye et al., 2014). 
Most recently, a study exploiting a unique approach in counter electrode modification, such 
that an organic material poly(3, 4-ethylenedioxythiophene) PEDOT counter electrode, was 
used in a CdS QDSSC reported a 1.53% efficiency (Shu et al., 2014). 
 81 
 
Platinum is generally employed for the counter electrode in both CdS and/or CdSe sensitised 
solar cells in conjunction with either the polysulfide and ferrocyanide/ferricyanide redox 
electrolyte. Pt performed less well with CoS, CuS, Cu2S and modified versions of QDs, but 
performs well when in tandem with CdS QD sensitiser and ferrocyanide/ferricyanide redox 
electrolyte. A Pt counter electrode was chosen in the current study. 
3.5 LEVELS OF PERFORMANCE ACHIEVED BY QUANTUM DOT SENSITISED 
SOLAR CELLS 
The level of performance achieved so far by QDSSC employing the modifications discussed 
in section 3.4 are summarised in Table 3.1. The focus of studies by different groups of 
researchers is mainly on the individual components of the QDSSC such as the QD sensitiser, 
photoanode, counter electrode, and electrolyte. Generally, one or more components are 
modified and used to work in tandem in order to improve the overall conversion efficiency. 
 Configuration Modification Efficiency Reference 
TiO2-CdS/CdSe/ZnS-
Polysulfide-Cu2S 
Photoanode TiO2: Cd(OH)2 
rich CdS 
2.8% Niitsoo et al., 2006 
TiO2-CdSe/ZnS-
Polysulfide-Pt 
Photoanode TiO2: inverse 
opal TiO2 
2.7% Diguna et al., 2007 
TiO2-CdSe/ZnS-Cobalt-Pt Electrolyte: cobalt complex 1.7% Lee et al., 2009 
TiO2/graphene-CdS/ZnS-
Polysulfide-Pt 
Photoanode TiO2: doping 
the TiO2 with graphene 
1.44% Zhu et al., 2010 
TiO2-CdS/CdSe/ZnS-
Polysulfide-OMPC 
Counter electrode:  ordered 
multimodal porous carbon  




polysulfide (ionic liquid) 






polysulfide (ionic liquid) 
3.2% Li et al., 2011 
TiO2-CdS/CdSe/ZnS-
Polysulfide-CuS/CoS 
Counter electrode:  
CuS/CoS 




transparent and scattering 
layers 








5.32% Pan et al., 2012 
TiO2-CISeS/Zn-
Polysulfide(MeOH)-Cu2S 
QD sensitiser: CISeS (mild 
cation exchange with Zn2+ 
or Cd2+) 
5.1% McDaniel et al., 2013 
TiO2-PbS/Hg-Polysulfide-
Cu2S 
QD sensitiser: doping PbS 
with Hg2+ 
5.6% Lee et al., 2013 
TiO2-CdS/ZnS- org. 
thiolate/disulphide-PEDOT 




1.53% Shu et al., 2014 
TiO2-CdS/CdSe/ZnS-
Polysulfide-PbS/Mn 
Counter electrode:  Mn-
doped PbS  
3.61% Kim et al., 2014 
TiO2-CdS/CdSe/ZnS- Counter electrode:  reduced 
grapheme oxide-Cu2S 







QD sensitiser: CuxS 
mediator layer 
6.6% Radich et al., 2014 
TiO2-CdSexTe1–x ZnS/SiO2 treatment of QD-
sensitised photoanode 
8.55% Zhao et al., 2015 
TiO2-ZCISe Mg2+ treatment of 
photoanode 
9.73% Wang, et al., 2016 
Mesoporous C/Ti-CdSeTe Mesh structure for Ti 
supported by mesoporous C 
as counter-electrode 
11.6% Du et al., 2016 
ITO-PbS Improved passivation of 
colloidal PbS QD 
10.60% Lan, et al., 2018  
Table 3.1. Summary of the selected studies on modifications implemented in QDSSC 
that have resulted in significant improvement in conversion efficiency and enhanced 
understanding of the QDSSC mechanism. 
The improvements in both QD sensitisers and counter electrodes are generally either surface 
modification or design of a completely novel material. On the other hand, the improvements 
on the redox electrolyte are either through employing different redox electrolytes or a few 
modified forms of the common electrolytes. On the basis of previous studies in this field, it is 
clear that significant improvements in conversion efficiency were achieved by modifying 
these three components, as shown in Table 3.1. The studies with this focus raised the 
conversion efficiency to 6.6%, achieved in a liquid junction CdSe QDSSC using polysulfide 
redox electrolyte via introduction of CuxS as charge transfer mediator (Radich et al., 2014b). 
Meanwhile, the modification of the TiO2 photoanode via organic bifunctional molecular 
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linker increased the QD loading and gave a 5.32% conversion efficiency (Pan et al., 2012). 
Research focusing on redox electrolyte employing an ionically modified polysulfide redox 
electrolyte resulted in 3.2% conversion efficiency (Li et al., 2011a). Employing an ordered 
multimodal porous carbon as counter-electrode in a CdSe QDSSC yielded an impressive 
4.36% (Fan et al., 2010).  
Table 3., further reveals that significant studies focusing on the redox electrolyte have been 
scarce since 2011, while the focus has since shifted instead to QD sensitisers and counter 
electrodes to improve QDSSC performance. Hence a study focusing on the influence of the 
redox electrolyte on the overall performance of the QDSSC would be beneficial. 
3.6 OPPORTUNITIES FOR FURTHER IMPROVEMENT IN PERFORMANCE 
3.6.1 Further study needed 
There are still a number of additional avenues that need to be pursued in order to gain a more 
profound understanding of the QDSSC. Knowledge of how the QDSSC works including, and 
most importantly, what is happening at the interfaces when the solar cell works, can pave the 
way on how to properly control and enhance these processes. Only when the interfacial 
charge transfer kinetics and dynamics are thoroughly understood can these factors be 
manipulated to advantage. This section explores the areas of improvement in QDSSC 
focusing on each components based on the previous studies conducted. 
The opportunities for further improvement in the performance of QDSSCs by modifying QD 
sensitisers, photoanodes, redox electrolytes, and counter electrodes that emerge from the 
literature are discussed in the following subsections. Significant works have been conducted 
on each of these components that resulted in increased conversion efficiencies of the QDSSC 
not to mention the elucidation of important questions pertaining to the mechanisms of the 
 85 
 
QDSSCs. These works have opened up new, and sometimes unconventional, paths towards 
deeper understanding of the QDSSC.  
3.6.2  QD sensitiser   
The modification of the surface of the QD sensitiser by deposition of a CuxS on the surface of 
Mn-doped CdSe using the SILAR method generally resulted in the highest overall conversion 
efficiencies, at 6.6% (Radich et al., 2014b). The role of CuxS has been established as 
providing an ultrafast hole mediator for the excited CdSe with a hole transfer rate faster by 5 
orders of magnitude over the recombination rate between the electron and trapped hole at this 
interface. The noticeable retardation of the recombination kinetics at the CdSe-CuxS 
interface, brought about by the ultrafast hole transfer from the CdSe to the polysulfide redox 
electrolyte (twice that for bare CdSe) was the main reason for the improved performance of 
the cell. 
Another impressive result achieved by QD sensitiser surface modification resulting in 5.6% 
overall conversion efficiency was through doping of a PbS sensitiser with Hg2+. The 
improved electron injection and suppression of recombination enhanced photocurrent to ~30 
mA-cm-2. Meanwhile, another QD sensitiser study resulted in a conversion efficiency of over 
5%, which was achieved by employing a novel quantum dot CISeS further enhanced via mild 
cation exchange in tandem with methanolic polysulfide redox electrolyte and incorporating a 
scattering layer at the mesoporous TiO2 photoanode (McDaniel et al., 2013). 
These studies have shown that the way to improve the overall conversion efficiency is 
through enhancement of the interfacial charge transfer kinetics via passivation of the surface 
defects in the QD, introduction of an efficient hole mediator, and shortening the distance that 
the excited electron travels between the QD conduction band and the charge collecting 
electrode. The highest performing QD sensitisers so far have been CdSe, CdS/CdSe with 
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core-shell architecture, PbS and novel QD (newly engineered QDs such perovskite), all of 
which yielded high photocurrent. Further enhancement of and/or modifications in these QD 
sensitiser could possibly result in even higher photocurrent pushing the overall conversion 
efficiencies even more. However, the FF and VOC must not be forgotten since they are as 
important factors as the photocurrent; driving the photocurrent may lower the FF and VOC 
thereby putting the increase in photocurrent in vain.  
3.6.3 Photoanode 
The best results in photoanode investigations were achieved either via introduction of a 
scattering layer on the photoanode thereby enhancing the light harvesting efficiency; or 
enhancement of QD loading via introduction of bifunctional linker molecules. These 
modifications improved the IPCE to over 80% thereby increasing photocurrent. The 
modifications implemented to the photoanode have shown the possibility of increasing the 
light harvesting capability of the QD, which can greatly enhance the IPCE and therefore the 
photocurrent. With this improved light harvesting efficiency, there is the possibility of even 
higher photocurrent achieved through QD sensitiser modification. 
3.6.4 Redox electrolyte 
The studies conducted focusing on the role of the redox electrolyte in the QDSSC have 
yielded the one of lowest efficiency gains compared to the other modifications implemented. 
The commonly employed redox electrolytes were polysulfide and its modified version as well 
as cobalt complex as listed in Table 3. There are other redox electrolytes used, such as 
ferrocyanide/ferricyanide employed by our group in a previous study on the suppression of 
recombination between FTO and oxidised species in redox electrolytes via insertion of an 
electron blocking layer at the FTO/TiO2 interface. Ferrocyanide/ferricyanide, and modified 
versions of redox electrolyte used in DSSCs, have resulted in improved understanding of the 
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interfacial charge transfer kinetics and enhancement in overall conversion efficiencies 
(absorbed photon to usable electricity) of the DSSCs, respectively The common observation 
in these redox electrolyte studies is that the VOC and FF are not as optimised as the 
photocurrent. The modifications, not only on the redox electrolyte but also on the QD 
sensitiser and photoanode, did not appear to have a profound effect on the VOC and FF, 
thereby limiting what could have been very high overall conversion efficiencies. Indeed the 
role of the electrolyte in the QDSSC or any regenerative electrochemical cell is very 
important as it strongly affects the interfacial charge transfer kinetics of the cell (Chakrapani 
et al., 2011), and therefore warrants a whole new investigation. 
3.6.5 Counter electrodes 
Research focusing on the role of counter electrodes in QDSSCs has yielded the second best 
results among the four components being reviewed here. The best performing QDSSC 
yielding 4.36% overall conversion efficiency was via employing an ordered multimodal 
porous carbon (Fan et al., 2010) counter electrode in a CdSe QDSSC in tandem with 
polysulfide electrolyte. The unique architecture of the OMPC that includes open mesopores 
along its walls has improved the mass transfer kinetics as well as the catalytic activities with 
the polysulfide redox electrolyte. The other major finding is that the use of CuS/CoS counter 
electrode delivered enhanced electrocatalytic activity, higher reflectivity, and a higher 
impedance at the polysulfide/CuS-CoS interface. The latter confirmed an increase in charge 
transfer resistance at this interface ultimately yielding 4.1% conversion efficiency. Again, the 
limitations observed in these studies are the low VOC and FF, which significantly 
marginalised the conversion efficiency, that is, only at very high photocurrents was the 
efficiency high.  
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3.7 FOCUS IN THIS THESIS 
With the major breakthroughs in QD sensitisers, photoanodes, redox electrolytes and counter 
electrodes discussed in subsections 3.4.2 – 3.4.5, where the interfacial charge transfer kinetics 
and dynamics were shown to be evidently enhanced – that is, by improved electron injection 
and suppressed recombination – open circuit voltage did not exceed 550 mV. Subsections 
3.4.1 to 3.4.5 narrowed down the areas where there are opportunities for improvement. The 
general consensus in these studies was that the VOC and FF remained low, thereby 
significantly reducing the conversion efficiency. Therefore, in spite of the remarkable 
improvement in the photocurrent, the limiting factor in the overall conversion efficiency 
remained the low open circuit voltage and fill factor, which restricted the overall conversion 
efficiency.  
Polysulfide and its modified form have usually been employed as the redox electrolyte. To 
raise VOC, it is now of interest to focus on investigating the interfacial charge transfer kinetics 
of a QDSSC employing another type of redox electrolyte – namely ferrocyanide/ferricyanide 
– with a redox potential that is further from the TiO2 Fermi level.  
Aside from the redox potential, the redox electrolyte used needs to have a high standard rate 
constant to facilitate fast electrocatalytic reaction between the counter electrode-redox 
electrolyte-QD sensitiser. Ferrocyanide/ferricyanide was chosen in this thesis due to these 
properties.  
The materials to be used in the type of QDSSC to be investigated in this thesis have been 
identified and the reasons explained in subsections 3.4.2 to 3.4.5. These materials are: 
• a liquid junction QDSSC with aqueous ferrocyanide/ferricyanide as redox electrolyte 
• a TiO2 as photoanode 
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• CdS as sensitiser, and  
• Platinum as counter electrode 
This review has identified that a gap in the body of knowledge and understanding of QDSSCs 
is the effect of redox electrolyte concentration on cell performance. In the present thesis, 
therefore, a liquid junction QDSSC with materials as just specified is used to investigate this 
effect in detail; 
Interfacial charge transfer dynamics of the quantum dot sensitised solar cells has also not 
been thoroughly investigated, as demonstrated by the limited literature tackling this factor. 
Hence this thesis will carefully examine the interfacial charge transfer dynamics of a QDSSC 
using CdS quantum dots.  
To tackle these questions, it is essential to have a working knowledge about the main 
component of a QDSSC – the quantum dot itself – and review ways to synthesise QDs, and 
control their size, and hence optical and electrical properties. These tasks are undertaken in 




4. QUANTUM DOT SYNTHESIS AND SIZE-ENGINEERING 
4.1 WHAT IS A QUANTUM DOT? 
A quantum dot is one of the important components of the QDSSC acting as its sensitiser or 
photon harvester/absorber once attached to TiO2 particles. It boasts of simple and inexpensive 
synthetic protocols that are usually conducted in a much lower operating temperature 
compared with silicon thus, less energy intensive than the former. Quantum dots have been 
studied since the early 1980s when physicists Ekimov and Onushchenko discovered the dots 
in glass crystals in 1981 (Zhu et al., 2013). Since then investigations have been conducted 
that led to deeper understanding of the behaviour of this peculiar material. In 1983, Rossetti 
and co-workers reported their observation of quantum size effects in the dots after controlled 
synthesis of the then smallest CdS quantum dots at 3.5 nm diameter with the mass-weighted 
average diameter at 4.5 nm (Rossetti et al., 1983).  
The quantum size effect or quantum confinement is what makes quantum dots so unique 
compared to regular nanomaterials. This phenomenon is associated with the drastic changes 
in the optical, electronic and chemical properties of the quantum dots that take place as the 
size of the semiconductor particle is decreased towards its exciton Bohr radius.  As defined 
earlier in section 1.3.1, the exciton Bohr radius is the physical distance between the hole and 
electron as dictated by the material’s property where the electrons can freely move. 
When the size of the dot is at or less than this critical radius, the quantum dot’s optical and 
electronic properties strongly depend on its physical size due to quantum confinement (refer 
to subsections 1.3.1 and 1.3.2) (Watzke and Fendler, 1987).  
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Taking size-tunability in tandem  quantum confinement, allows the optical, chemical and 
electronic properties of QDs to be designed or engineered based on the purpose of use or 
application. Quantum confinement is when the valence and conduction bands of the material 
split into discrete electronic levels, as the system resembles an electron confined in a 
potential well  (Rossetti et al., 1983, Bawendi et al., 1990, Weller, 1993, Alivisatos, 1996). 
For example, a solar cell can be applied with a few sensitisers where each group of dots can 
absorb different wavelength in the solar spectrum such that the final solar cell is capable of 
harvesting photons in a wider wavelength range in the solar spectrum (Visible to Infrared). 
This adds to the versatility of use of QDs thus a wide-ranging application can be envisaged 
for QDs in the future if not yet happening at the moment. Low bandgap semiconductor 
quantum dots (QDs) are recognised to be one of the most promising materials that can have 
many applications such as in LED’s, biosensor (Ayan-Varela et al., 2015), optoelectronics 
and photovoltaics.  
Aside from quantum size effects, other important characteristics of QDs are their high 
absorption coefficient which results in higher absorbed photons per unit mass per incident 
photon. And since QDs are size-tunable, it has an added advantage of being engineered to be 
able to capture at a much wider range of wavelength in the solar spectrum (usually from 
Visible to Infrared wavelength) (Cademartiri et al., 2006, Mora-Sero et al., 2008, Braga et al., 
2011). Hence the photon absorption per unit mass of a QD is higher than usual semiconductor 
materials, a potential advantage in any application where system mass is constrained, as for 
example, in aerospace applications.  
The size of QDs can be controlled by varying the synthesis parameters, and hence their 
properties tuned (Hines and Scholes, 2003, Abel et al., 2008, Mora-Sero et al., 2008). Figure 
4.1 shows that tuning the QD diameter resulted from the same PbS dot absorbing at 1400 nm 
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to just below 800 nm. Since the peak absorption wavelength is related (inversely) to the 
bandgap (equation 1-1), we can see that the bandgap increases as the peak absorption 
wavelength decreases. With this information, QDs can be possibly engineered in such a way 
that it can absorb photons in the whole spectral region. 
Figure 4.1 shows the size-tunability of the semiconductor QDs altering the synthetic 
parameters, and the reciprocal relationship between the exciton peak wavelength and bandgap 
energy as described in (1). An example of synthetic procedure applied in a quantum dot, 
optical characterisation using absorption spectroscopy, ageing test and suggested handling 
will be discussed in another chapter of this thesis. 
 
Figure 4.1. Size-tuning of PbS quantum dots showing the relationship between diameter 
size and bandgap. 
The semiconductor band gap is the region where electrons are forbidden to exist at ground 
state as explained in chapter 1. In the context of the actual solar cell function, it is the energy 
that needed to be overcome to be able to create an excited electron - hole pair called exciton. 
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Therefore, photons with energy lower than the band gap will not be absorbed by the 
semiconductor material. Meanwhile, the electron-hole pair then becomes excited leading to 
the separation of the electron and hole. The excited electron gets promoted from the valence 
band to the conduction band and the electron is considered to be a free electron. This free 
electron will try to get rid of the high energy it acquired in the form of heat (phonon), light 
(photon through emission), or photocurrent. The latter mechanism is popularly known as the 
photovoltaic effect, explained in chapter 1, which is exploited in the solar cell mechanism. 
This is because as the  It was shown  that as the quantum dots dispersed in a colloid were 
aged, the dots tend to grow their size at the expense of smaller is an important component of 
the QDSSC since it acts as the photon absorber or sensitiser adsorbed onto a wide bandgap 
semiconductor such as TiO2 by means of direct attachment of pre-synthesised QD to the 
semiconductor with the aid of a linker molecule, in-situ attachment through chemical bath 
deposition, in-situ adsorption via Successive Ionic Layer Adsorption Reaction method, 
among others. The most commonly used method of synthesising quantum is through 
solvothermal method which utilises simple and inexpensive synthetic protocols at relatively 
lower temperatures compared with silicon. Additionally, quantum dots are very interesting 
materials with many remarkable features.  The most striking one is the immense difference in 
its chemical and physical properties from those in bulk phase. The reason for the drastic 
change on the quantum dots (QD) is based on two phenomena. First is the high dispersity of 
nanocrystalline systems such that the number of atoms at the grain boundaries is similar to 
the number of atoms in the crystalline lattice (Weller, 1993). This is illustrated by the 
compressibility of nanocrystalline ceramics which shows that the physical and chemical 
properties of a nanocrystalline have become dominantly affected not by the molecular 
structure of the lattice but by the defect structure of the surface (Weller, 1993). Second, and 
the most commonly exploited attribute,  is when the valence and conduction bands of the 
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semiconductor material split into discrete electronic levels commonly called as quantum 
confinement or quantum size effect (Rossetti et al., 1983, Bawendi et al., 1990, Weller, 1993, 
Alivisatos, 1996). When the size of QD is decreased such that it approaches its exciton Bohr 
radius – or the physical distance between the hole and electron pair - gradual transition from 
solid to molecular structure occurs such that the optical properties of the material become 
strongly dependent on their size (Bawendi et al., 1990, Vogel et al., 1994b, Alivisatos, 1996). 
Rossetti and co-workers showed how quantum size effect on the optical, electrochemical and 
electronic properties of the CdS QD (Rossetti et al., 1983). Similarly, Alivisatos reported how 
the CdS intrinsic properties such as its band gap, radiative lifetime, melting temperature, etc. 
change without altering its chemical composition except for changing its size i.e. quantum 
confinement (Alivisatos, 1996).  
4.2 METHODS OF SYNTHESISING QUANTUM DOTS 
There are a few ways to size-engineer the QDs to suit the required application (Hines and 
Scholes, 2003). These are by varying synthetic protocols i.e. applying different precursors 
(Murray et al., 1993, Vossmeyer et al., 1994), varying precursor concentration (Hines and 
Scholes, 2003), utilizing precipitation technique (Murray et al., 1993, Vossmeyer et al., 1994) 
and varying the injection temperature (own experiment). With these simple procedures, size-
tuning of the QDs can be easily integrated in mass production scale.  
There are a few ways to size-engineer the QDs to suit the required application (Hines and 
Scholes, 2003) such as by varying synthetic protocols i.e. applying different precursors 
(Murray et al., 1993, Vossmeyer et al., 1994), varying precursor concentration (Hines and 
Scholes, 2003), utilizing precipitation technique (Murray et al., 1993, Vossmeyer et al., 1994) 
and varying the injection temperature (own experiment). By applying these simple 
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techniques, size-tuning of the QDs is straight forward and can be easily integrated in mass 
production scale.   
4.3 SYNTHESIS OF EXPERIMENTAL QUANTUM DOTS IN THIS PROJECT  
There are a number of established synthetic protocols for PbS such as in-situ deposition onto 
a medium either by chemical bath deposition of successive ionic layer adsorption reaction 
(Plass et al., 2002) method where the precursors are either mixed in a reaction vessel or 
separated, respectively. Vogel and co-workers have demonstrated the quantum size effects in 
a size-engineered PbS using the latter method of synthesis (Vogel et al., 1994b). However, 
this method could pose some limitations specially when larger QDs are required or that a 
specific size distribution is required for a special application. Another method is solvothermal 
method which was employed in this exercise is characterised by a synthesis that is conducted 
in a more controlled manner resulting in a more refined QD size distribution and a wider 
range of diameter size. The injection temperature or precursor concentrations are adjusted in 
order to achieve the desired quantum dot size. 
The synthetic protocol used in this study is the  solvothermal method based on the method 
established by Hines and Scholes (Hines and Scholes, 2003) to illustrate the size-tunability of 
quantum dots. In this exercise, PbS QD was used as a model to illustrate alternative 
parameter changes that can be applied to control the final size of the QD. 
The solvothermal method was used to synthesise the PbS quantum dots investigated 
experimentally in the present thesis, based on a protocol developed by Hines and Scholes 
(Hines and Scholes, 2003). Synthesis was conducted inside a three-necked flask under a 
vacuum condition inside a fume hood cupboard. The synthesis PbS QDs were subsequently 
bubbled with nitrogen inside a vial and stored in dark. An appropriate mass of lead oxide was 
dissolved in 3.75 mL of oleic acid (to follow the required molar ratio of 1:2 Pb to OA), which 
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was diluted in a predetermined volume of 1-cctadecene at 100OC and vacuum condition for 
30 - 45 mins. The mass and dilution of these chemicals were based on the required ratio that 
corresponds to the desired quantum dot size, as summarised in Table 4.. This forms lead 
oleate precursor as shown in the reaction 4-1. 
                         PbO + 2OA                                 Pb(OA)2              4-1 
where PbO is the lead oxide, OA represents oleic acid and Pb(OA)2 is lead oleate with the 
reaction condition is conducted at 100OC and vacuum.  
Meanwhile, the required mass (based on the respective chosen molar ratio) of TMS 
(hexamethyldisilathiane) was weighed and diluted in 4mL 1-octadecene (ODE). The TMS-
ODE mixture was bubbled with N2 to purge the air in the solution. The solution was kept 
inert at all times by sealing the container with a rubber stopper. When the lead oleate solution 
became clear after 30 – 45 mins of mixing, purging the solution with N2 gas was started and 
repeated for three times or more to make sure that the system was free of air. At this stage, 
temperature was increased corresponding to the desired quantum dot size then rapidly 
injected the TMS-ODE solution making sure that stirring is maintained at during injection. 
The colour of the solution then changed from clear to dark brown almost instantaneously 
which indicated that the formed lead sulphide has narrow size distribution. The heater was 
then switched off and the flask was raised to prevent further heating of the solution. The final 
reaction of the synthesis is: described below. 
Pb(OA)2  + TMS                             PbS                             4-2 
The purification process was done when the solution had cooled down. Pure acetone was 
used to precipitate the PbS, which was then washed with 10 v/v (volume/volume) ethanol in 




tetrachloroethylene. Further bubbling of the dispersed PbS in N2 has been done on some 
samples and was bypassed on some for experimental purposes. Lastly, the absorption 
spectrum in the solar spectrum of the final product was measured. 
4.4  QD SIZE-ENGINEERING 
Following the different PbS QD sizes were synthesised using the method just described by 
changing the synthetic parameters as summarised in Table 4..  
A narrow size distribution was observed during the controlled synthesis of the PbS quantum 
dot. Lead chalcogenides, in particular, are best chosen to showcase quantum confinement 
effects since their electron and hole Bohr radius are much larger than other semiconductor 
which have large exciton Bohr radius but have extremely small hole Bohr radius (Hines and 
Scholes, 2003). In the current study, size – engineering was attempted by slightly modifying 
Hines and Scholes method (Hines and Scholes, 2003) where the injection temperature was 
kept the same while the Pb:OA ratio was modified to achieve the desired quantum dot 
diameter size. Shown in Figure 4.2 are the absorption spectra of four different PbS quantum 
dot sizes which were achieved by varying the Pb:OA ratio while keeping the injection 
temperature at 110OC. The lowest ratio of 1:2 resulted in quantum dots with excitonic peak 
wavelength at 750 nm while the 1:2.1 molar ratio resulted in 850 nm, 1:4 ratio resulting in 
950 and 1:16 molar ratio)turned out 1200 nm peak wavelength. The shift of the exciton peak 
wavelength towards the red region of the solar spectrum when the ratio of oleic acid to lead 
oxide is increased conveys an increased reactivity of TMS. Hence upon injection of the TMS 
mixture PbS was immediately formed -   observed as the rapid change in the colour of the 
solution from clear to dark brown – the remaining oleate monomer that was not used during 
the initial synthesis of PbS will feed the growth of the newly formed PbS thus, creating a 
larger quantum dot. Conversely, when the oleic acid ratio is decreased such that it is only 
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enough to synthesise a particular amount and size of PbS. Whatever is left over after that 
initial synthesis feeds off the growth of these newly formed dots until it is totally consumed 
and the growth in size stops. This is in agreement with the experimental results from Hines 
and Scholes study (Hines and Scholes, 2003).  
 
Figure 4.2. Absorption spectra of PbS quantum dots synthesised at 110OC using 
increasing Pb:OA molar ratio at 1:2 (red), 1:2.1 (blue), 1:4 (pink) and 1:16. 
(McKone et al., 2013) On the other hand, when the injection temperature was increased from 
110OC to 140OC while keeping the Pb:OA molar ratio fixed resulted in a 1200 nm and 1400 
nm peak wavelengths, respectively. These two sets of data highlight the role of the injection 
temperature on the formation of the quantum dots where the higher injection temperature 
attributed to the increased reactivity of the TMS thus feeding the quantum dot growth more 
aggressively as compared when injected at a lower temperature of 110OC. Overall, this 
current study provided a much lower injection temperature compared with the established 
method by Hines and Scholes where the latter used 150OC as the across the board injection 
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temperature where the size tunability was purely controlled by changing the Pb:OA weight 
ratios. 
 
Figure 4.3. Absorption spectra of PbS quantum dots synthesised at 1:16 Pb:OA ratio at 
110OC (blue) and 140OC (pink). 
The overall size-engineering exercise is summarised in Figure 4.1 showing the resultant PbS 
quantum dots with exciton peak wavelength from 750 nm to 1400 nm and the relationship 
between the QD size, exciton peak and bandgap highlighted. The parameters used in size-
engineering were summarised in Table 4..  
Keeping the injection temperature at 110OC, and varying the Pb:OA molar ratio from 1:2 to 
1:16 results in changes in QD sizes. At 1:2 Pb:OA ratio, the resultant PbS QD had an exciton 
peak wavelength of 750 nm and theoretical diameter size at 2.77 nm. Slightly increasing the 
OA ratio to 2.1 resulted in a 100 nm shift to the red in exciton peak wavelength and ≈0.15 nm 
increase in diameter. Doubling the initial OA molar ratio to 1:4 shifted the exciton peak 
wavelength to the red region by 200 nm (950 nm peak) and ≈0.40 nm increase in diameter at 
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3.2 nm. When the Pb:OA ratio was changed to 1:16, the exciton peak wavelength was found 
to be at 1200 nm and the size at 4.2 nm. However, using the same Pb:OA molar ratio at 1:16 
but elevating the injection temperature to 140OC, resulted in exciton peak wavelength of 1400 
nm and ≈ 4.2 nm diameter. This exercise had shown that size-engineering the QD can be 
achieved by either changing the precursors’ ratio or the injection temperature and most likely, 
the combination of both could result in a dramatic change in QD diameter. 
Pb:OA ratio, moles 1:2 1:2.1 1:4 1:16 1:16 
Injection T, C 110 110 110 110 140 
Exciton Peak WL, nm 750 850 950 1200 1400 
Diameter, nm 2.77 2.93 3.2 4.2 5.18 
Table 4.1. Summary of parameters used in size engineering of PbS quantum dots. 
The sizes of the QDs were confirmed through measurement of their absorption spectra, 
accordingly. 
4.5 AGEING TESTS 
Ageing test and handling assessments of these QDs were conducted within a specified 
timeframe and assigned environmental conditions, respectively, as will be described in 
subsection 4.6.  Specific methods used in these exercises are described in the succeeding 
subsections 4.2 to 4.5. 
In addition, an ageing test exercise was also conducted to check not only the development of 
quantum dot size growth but also and, most importantly, to experimentally showcase the 
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stability of the quantum dots and possibly find alternative ways and means of handling them. 
As can be seen in Figure 4.4, the size-centering mechanism of both the PbS quantum dots 
with exciton peak wavelengths of 950 nm and 1400 nm, respectively, occurred in the span of 
75 days and even 180 days in the case of 1400 nm. The size-centering that occurred here is 
what can be called the inverse of Ostwald ripening or the growth of larger particles by 
consuming the smaller ones in order to decrease surface free energy since smaller particles 
tend to have higher surface free energy (Nozik, 2001). So in the case of this exercise the 
particles became smaller as size-centering naturally occurs, that is, the longer excitonic peak 
wavelength shifts to the blue domain. QDs that absorb in NIR region took longer to achieve 
final size-centering as compared to QD which has peak exciton wavelength at 950 nm. The 
differences between these two are the Pb:OA ratios as well as the injection temperature are 
summarised in Table 4.1. It can be assumed that the injection temperature effect stopped 
immediately after the solution has cooled down. Hence, the factor that can be considered to 
be working on in the size growth would be the presence of excess oleate in the colloidal 
solution, provided they were not flushed out during purification process which in this case 
did not. In the case of 950 nm peak wavelength, there was a small amount of oleate that feeds 
the growth until it stops after ca. 20 nm in the span of 45 days when no more size growth was 
further observed. On the other, the oleic acid which was initially four times more than what 
was used in 950 nm peak wavelength quantum dots, continued to feed the growth of the PbS 
dots to achieve its final peak wavelength of 1400 which is more than ca. 100 nm shorter than 
its initial peak wavelength. As in the case of the 950 nm peak wavelength dots, the growth 
has stopped within 45 days of synthesis and purification. Figure 4.5 shows the ageing 
comparison between the QDs with exciton peak wavelength at 950 nm and 1400 nm, 
respectively after 75 days. The smaller QD i.e. 950 nm peak wavelength, did not change in 
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terms of peak absorption wavelength whereas the QD with peak absorption wavelength of 
1500 nm shifted by ca. 120 nm towards the blue after 75 days.  
 
Figure 4.4. Absorption spectra of PbS quantum dots with peak absorption wavelength 
at 950 nm and 1400 nm, respectively where pink is day 0 and blue is day 75. 
4.6 ALTERNATIVE HANDLING METHOD 
Further investigation was conducted on the size-engineered PbS quantum dots such as 
evaluating the simplest and cheapest way of storing and handling the dots, assessing the size-
centering behaviour of the dots relative to time. These were conducted by storing identical 
samples both in air and inert conditions then absorption spectra were measured daily to 
monitor the changes for the duration of maximum of 180 days. During these exercises, the 
reverse Ostwald ripening was carefully monitored and any changes in the absorption spectra 
were recorded. – Oswald ripening is the phenomenon where the smaller particles in an 
solution deposits onto the larger particles over time, conversely, reverse Ostwald ripening is 
when larger particles becomes smaller over time as can be seen in Figure 4.4. To evaluate 
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alternative handling methods, identical samples were dried in air, dried in N2, kept in air, kept 
in N2 while constantly monitoring any changes in the absorption spectra. In case of dried 
samples, a small amount of powdered samples was taken from the main sample immediately 
before measurement then redispersed in a solvent and absorption spectra was measured. 
It should be noted that the samples used in this exercise was only bubbled with N2 after the 
initial purification, the glass container covered with foil and stored in the cabinet. The ageing 
exercise has shown that the synthesised PbS quantum dots are stable for a long time and does 
not require to be stored in a glove box. This information offers a cheaper alternative but 
effective way of handling and storing the PbS quantum dots not to mention establishing the 
dots shelf life.  
The effect of number of purification on the absorption profile of synthesised QD is shown in 
Figure 4.5 Three times purification broaden the size distribution of QDs but it also slightly 
reduced the size which can only be attributed to the removal of oleate ligand surrounding the 
QDs. However, three times purification also resulted in a slight shift to the red region after 
four days as compared to the QDs which was purified one time only where the QD did not 




Figure 4.5. The effect of number of purification process on quantum dots’ ageing 
process. X-axis represents absorbance while Y-axis represents wavelength (nm). 
 
Another surprising discovery is the effect of drying the quantum dots after its purification. It 
can be observed in Figure 4.6 that the manner by which the quantum dots were initially 
stored such as kept in solvent or dried in air and stored both in dark and non-inert conditions. 
It can be observed that size centering was suspended when the quantum dots were dried in air 
for 15 days and subsequently redispersed in the solvent for the next 6 days then the 
absorption spectra were measured. Both the samples that were dried for 15 days then 
redispersed for 6 days and the sample that was dried in air for the whole duration of 21 days 
without re-dispersion returned similar absorption spectra that show the exciton peak 
wavelength at 1360 nm. On the other hand, the quantum dots that were kept in solvent and in 
air for 21 days showed size centering with a difference of 25 nm in exciton peak wavelength 




Figure 4.6. The effect of air-drying and storing in air on the absorption of PbS quantum 
dots. 
The interaction of the quantum dots with the linker molecules is shown in Figure 4.7 where 
thioglycolic acid (TGA) linker molecule resulted in higher PbS QD loading unto the TiO2 
photoanode. Using MPA as the linker resulted in about 30% reduction in the film’s 
absorption from 0.42 a.u for TGA to 0.28 a.u for MPA. The lowest absorption results were 
observed on films with 6MHA and 11MUA linker molecules. This exercise has identified 
TGA to be the best linker molecule option to be used when adsorbing PbS unto the TiO2 
photoanode. All four linker molecules did not shift the peak absorption wavelength of the 
PbS QDs as can be seen in Figure 4.7 which means that the linker molecules did not interact 




Figure 4.7. Quantum dot adsorbed onto TiO2 using different linker molecule. 
4.7 CONCLUSIONS 
PbS QD size can be engineered into different sizes from peak exciton wavelength of 750 nm 
to 1200 nm using the same injection temperature at 110OC but different Pb:OA ratio ranging 
from 1:2 to 1:16 while increasing the injection from 110OC to 140OC resulted in 1400 nm 
exciton peak wavelength. The PbS QD with exciton peak wavelength of 1400 nm continued 
its size-centering for the next 75 days shifting over 120 nm from its original exciton peak of 
1550 nm. Smaller size QD i.e. 950 nm exciton peak, however, only slightly shifted to the 
blue by about 10 nm suggesting most of the precursors have been consumed during synthesis. 
These sets of information are particularly important in choosing which parameter to adjust 
during QD size engineering protocol. Depending on which parameter, i.e. temperature or 
precursor concentration is more beneficial on the overall process in terms of costs and 
complexity of the procedure (time and process flow) during mass production will be adjusted 
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accordingly. The results of this experiment offer options when establishing QD synthetic 
protocols in the industry. 
The ageing test conducted has shown that the QDs absorption spectra remained stable for at 
least 180 days such that there were no observable changes on the absorption spectra of the 
investigated QDs. On the other hand, drying the QDs on the first 2 weeks after synthesis had 
suspended its size-centering and rendered the QDs unable to complete the centering even 
after redispersion in solvent indicating that drying the QDs prematurely, i.e. prior to it 
reaching its final size, will irreversibly halt the reverse Ostwald ripening. This information 
offers a timeline by which QD manufacturers can dry the QDs without interfering with its 
size centering thereby simplifying the handling of the QDs. 
On the other hand, keeping the dispersed QDs in air or in inert condition did not result in 
changes in its absorption spectra.  The QDs can then be dried in air after it reaches its final 
size for ease of handling during shipment. This knowledge offers a cheaper option i.e. no 
need to keep the QDs in inert atmosphere since keeping it in air does not make any difference 
since no changes on the absorption spectra were observed when comparing these two 
conditions. 
Both the findings in QD size engineering and ageing test offers alternative ways in synthesis 
and handling where cheaper options could be applied as deemed suitable to the process 





5. QUANTUM DOT SENSITISED SOLAR CELL FABRICATION 
5.1. METHODS OF FABRICATION 
The most common methods of fabrication for liquid junction QDSSCs are the ‘sealed’ type, 
so-called because the sensitised film and the counter electrode are welded together using 
plastic spacer and typically conducted inside a glove box under inert atmospheric condition. 
The other type is called a ‘sandwich’ type, which are conducted under ambient condition. The 
sealed method also employs a sandwich type of configuration, but the working electrode 
(Duffy et al., 2000) and counter electrode are permanently attached together by applying a 
pressure on the sandwiched substrates. The redox electrolyte is then injected into the hole 
drilled in the counter electrode by applying a vacuum pressure. On the other hand, the plain 
sandwich configuration involves temporary assembly of the solar cell by securing the 
sandwiched working electrode and the counter electrode together using a pair of crocodile 
clips. The redox electrolyte is injected into the cell prior to securing it with the clips. This 
method is conducted under ambient temperature and pressure conditions. 
The fabrication method used in the current study was the sandwich type assembled under 
ambient condition and is explained in detail in the following section, including the chemicals 
and materials used together with the precursor preparation method. A liquid junction CdS 
QDSSC based on aqueous ferrocyanide/ferricyanide redox electrolyte was assembled based 
on slightly modified procedures to those established in the literature. Each sub-step of the 
QDSSC fabrication such as preparation of FTO substrate, spray pyrolysis, TiO2 printing, 
sensitisation, solar cell fabrication and measurement techniques are explicitly described in the 
next section. The main aim of this chapter is to describe the QDSSC fabrication in detail to 
serve as a reference for future researchers in this field. 
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5.2. FABRICATION OF QUANTUM DOT SENSITISED SOLAR CELLS USED IN 
THE PRESENT STUDY  
5.2.1 Introduction  
The fabrication of the QDSSC used in this study was based on the current literature and was 
modified to suit our requirements. The fabrication involved preparation of the substrate, 
deposition of the electron blocking layer, printing of the TiO2 layer, QD sensitisation, 
preparation of the redox electrolyte, and solar cell assembly. Preparation of the substrate 
involved removal of organic materials that may be present on the surface as well as checking 
of the surface resistance. The substrate used was FTO or fluorine-doped tin oxide. After 
substrate preparation the dense electron blocking layer was then deposited via spray pyrolysis 
method and eventually oven-cured. The chemical used and its preparation was discussed in 
subsection 5.2.2. The porous TiO2 layer was then deposited via screen printing on the spray 
pyrolysed substrate and then oven-cured. The film was then sensitised with CdS QD via 
SILAR method for a number of cycles based on literatures. Redox electrolyte was then 
prepared based on the required concentration and solar cell was assembled based on 
sandwich configuration. The steps involved in the fabrication and characterisation of the CdS 
QDSSC used in the current study were conducted under ambient conditions unless otherwise 
species. The succeeding subsections describe in detailed the steps involved in the fabrication 
of the cells. 
5.2.2 Chemical section   
The chemicals used and the preparations needed for use in the experiments conducted in this 
thesis is described in this section. Titanium diisopropoxide bis(acetylacetonate) (75 wt% in 
isopropanol), Na2S.9H2O (>98%), Cd(ClO4)2H2O, Zn(O2CCH3)2.2H2O (>99%), potassium 
hexacyanoferrate (III) (>99%), potassium hexacyanoferrate (II).3H2O (reagent grade), sulfur 
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powder (99.98%), and lithium perchlorate (99.99%) were obtained from Sigma Aldrich, and 
ethanol (99.5%) from ChemSupply. All chemicals were used as is in this study without 
further purification prior. Highly-concentrated mother solutions of ferrocyanide and 
ferricyanide were prepared by dissolving the potassium hexacyanoferrate (II) and (III) 
respectively in ultrapure water (Milli-Q purification system) at 40-50 oC, constantly stirring 
until all the solute had dissolved. The saturated solutions were further sonicated to ensure 
complete dissolution of the solute particles. 
An aliquot from both ferrocyanide and ferricyanide aqueous solutions were further diluted 
and mixed to the required concentration and sonicated for 5 minutes. On the other hand, the 
polysulfide electrolyte was prepared using a 4:1 ratio of ethanol-water mixture and bubbled 
through with N2. The bottle of polysulfide electrolyte was covered with aluminium foil and 
kept in dark to minimise oxidation and degradation.  
Meanwhile a homogenous TiO2 paste PST-30NRD from JGC-CCIC Co., Ltd., Japan was 
used without further purification and additional additives.  
5.2.3 Preparation of TiO2 dense layer and nanocrystalline TiO2 films  
A dense layer of TiO2 was deposited between the FTO and the porous TiO2 layers to prevent 
leakage or recombination of electron from the FTO to the electrolyte. First, the FTO substrate 
F:SnO2 (Murakami et al., 1995) was sonicated in Acetone for 15 minutes to remove organic 
materials on the surface. These organic materials may act as insulator when left on the 
surface of the FTO so it is important to completely remove these materials in order to 
minimise the series resistance within the cell. While the FTO was being sonicated, 0.38M 
titanium diisopropoxide bis(acetylacetonate)  in isopropanol solution was prepared. 
Immediately after cleaning and drying of the FTO substrate, spray pyrolysis was conducted 
based on the method described elsewhere (Tachibana et al., 2008).  
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The dense TiO2 layer deposition via spray pyrolysis setup is described in Figure 5.1a where 
the spray gun was tilted at a certain angle to the substrate and the substrate placed at the 
direction of the spray. The lower part of the substrate which was where the crocodile pins 
will be clipped during PV characterisation was covered with aluminium foil to avoid 
deposition of the dense layer. In this experiment, the substrates were placed on a hot plate for 
1-2 minutes. Then 10 cycles of dense TiO2 layer were sprayed on each substrate with each 
cycle lasting for 1 sec at 450 OC. The substrate was checked for quality after 10 cycles to 
ensure that the dense TiO2 layer was free from pinholes, bubbles and other functional defects. 
To minimise the occurrence of such defects, the spray was wiped with a fibre-free cloth after 
each spray to remove the droplets of solution at the tip of the gun which, once accumulated, 
can cause large droplets on the substrate. These large droplets result in pinholes and uneven 
coating of the dense layer which can result in electron leakage and possible peel off in the 
succeeding process i.e. sensitisation. These can result in unreliable data especially when the 
batches with pinholes were treated the same as the batches without pinholes. Ultimately, 
preventing the occurrence of the pinholes is through proper cleaning of the spray gun – to 
ensure uniform droplet size during spray, and wiping the spray gun with a fibre-free cloth 
after each spray. 
The spray - pyrolysed substrates were subsequently sintered at 450 OC for 15 minutes in air 
using an oven. Once these substrates cooled to room temperature, the porous TiO2 layer was 
ready for printing. The TiO2 paste, PST-30NRD (JGC-CCIC Co., Ltd., Japan), was first 
adjusted to room temperature prior to manual printing on top of the dense TiO2 layer. The 
screen used was mesh 100 screen printer as shown in Figure 5.1b with an area of 0.25 cm2 
and thickness of 6 μm. The printed TiO2 layer was  then sintered at 500 OC for 1 hour in air 
(Tachibana et al., 2008). The thickness of the printed TiO2 was controlled by checking the 
distance between the metal base and the screen printer as per instruction. Another important 
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checkpoint at this stage is the proper handling of the substrate such as holding the substrate 
on the edges only avoiding touching the surface and usage of the fibre-free cloth when 
cleaning the screen printer or, occasionally, the substrate. Also, always make sure to wear 
gloves or finger cots when handling the substrates to avoid transferring the unwanted foreign 
and/or organic materials from the hands to the substrate. 
                          
Figure 5.1. a) Spray pyrolysis setup and b) screen printer mesh 100 used in dense and 
porous TiO2 deposition, respectively. 
5.2.4 CdS sensitisation of the TiO2 films  
The commonly used quantum dot sensitisation methods are: i) attachment of the pre-
synthesised quantum dots to the TiO2 with (Lee et al., 2007, Pan et al., 2012) or without 
(Gimenez et al., 2009, Salant et al., 2010) a linker molecule, ii) in-situ chemical bath 
deposition method or CBD (Niitsoo et al., 2006, Tachibana et al., 2009), and iii) in-situ 
Successive Ionic Layer Adsorption and Reaction method (SILAR) (Valkonen et al., 1997a, 
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Guijarro et al., 2010a). The first method, (i) attachment of pre-synthesised QD, is conducted 
by directly depositing the pre-synthesised quantum dots unto a wide band gap semiconductor 
nanomaterial with the aid of an organic linker molecule such as mercaptopropionic acid 
(Chen et al., 2009), thioglycolic acid (Li et al., 2011a, Lopez-Luke et al., 2008), or cysteine 
(Mora-Sero et al., 2008). Usually, the wide band gap semiconductor is pre-treated with these 
linker molecules to make it more receptive to the quantum dots hence more QDs would be 
adsorbed resulting in higher photon intake. The CBD method (ii) is conducted by mixing 
both the anion and cation precursors in the sensitising bottle. The prepared substrate with 
printed wide band gap semiconductor usually TiO2 on it is dipped in the solution for a certain 
period of time to achieve the required sensitisation. Lastly, in the (iii) SILAR method of 
sensitisation the anion and cation are separately deposited unto the TiO2 by alternately 
dipping the prepared substrate into the cation and the anion precursor solutions, respectively 
to create a layer of the QD unto the porous TiO2. In the current study, the Cd and S 
precursors such as 0.1 M of Na2S.9H2O, 0.1M Cd(ClO4)2.H20, and 0.1 M Zn(O2CCH3)2 were 
prepared in aqueous solution using deionised (DI) water (R = 18 MΩ). The TiO2 films with 
0.25 cm2 area were sensitised with 15 cycles of CdS and the passivated with 2 cycles of ZnS 
(15CdS/2ZnS) via SILAR method described elsewhere (Vogel et al., 1990, Valkonen et al., 
1997a, Tachibana et al., 2008). One cycle consisted of 1 minute dipping in 0.1M 
Cd(ClO4)2.H20, rinsing in DI water, drying in air using hair dryer at room temperature, 1 
minute dipping in 0.1M of Na2S.9H2O then drying in air at room temperature using hair 
dryer. Same deposition method, SILAR, was employed for the ZnS layer. ZnS is deposited to 
passivate the trap states at CdS layer to minimise electron leakage to the electrolyte from the 
CdS quantum dot thereby eliminating recombination losses and consequently improving the 
overall performance of the cell (Klimov et al., 1999, Diguna et al., 2007, Mora-Sero et al., 
2009). Based on the author’s experience while performing the SILAR method, it is very 
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important to completely dry the previous layer prior to dipping to the succeeding layer to 
prevent the peeling off of the sensitised layer altogether. The author used a hair dryer to dry 
each layers to speed up the process. It should be noted though that the built-in heater in the 
dryer was not activated during the experiment since the experimental procedures must all be 
in ambient conditions.  
5.2.5 Solar cell fabrication 
The prepared CdS sensitised TiO2 films were employed as the working electrode and 
platinum as counter-electrode. The sensitised films were assembled into a sandwich-type, 2-
cell configuration using photomask (area = 0.48 mm x 0.48 mm) and 25 µm thick 
polyethylene spacer (PANAC, Japan Ltd.) (Tachibana et al., 2008) unless specified as 
assembled into a 3-cell configuration such as for spectroelectrochemical experiments. The 
pre-mixed ferrocyanide/ferricyanide redox couple electrolyte prepared from the highly 
concentrated individual mother solutions of the ferrocyanide and ferricyanide aqueous 
solution was injected into the sandwiched electrodes prior to securing them in place using 
small paper clips. All these processes were conducted at ambient conditions. The overall 
important checkpoint for the assembled solar cell is to minimise the downtime between each 









6. CHOOSING THE REDOX ELECTROLYTE TO BE EMPLOYED  
6.1 INTRODUCTION 
The redox electrolyte in a liquid junction solar cell is important since it is responsible for the 
continuous functioning of the cell by facilitating transfer of charges at the interfaces. The 
discussion of the full function of this electrolyte is found in the succeeding subsections. In 
both the liquid junction DSSC and QDSSC, the commonly used redox electrolyte has been I-
/I3- (Paul et al., 2012) (Paul et al., 2012), although the resulting performance has been poor. 
Other electrolytes tried in QDSSC have been cobalt complex (Lee et al., 2009a) and 
polysulfide (Tachibana et al., 2007c), (Gonzalez-Pedro et al., 2010),(Ruhle et al., 2012). 
Recently Jian’s group has reported an impressive power conversion efficiency of 4.01% in a 
PbS QDSSC by replacing DI water with methanol in the polysulfide electrolyte (Jian et al., 
2016). However, both cobalt complex and polysulfide have resulted in low fill factor (FF) 
and/or low open circuit voltage (VOC), such as that of polysulfide electrolyte as illustrated in 
Figure 6.6. Low FF implies deterioration of the cell due to slower electron regeneration and 
faster recombination, while low VOC implies that the redox potential is not energetically 
beneficial to the cell. 
Firstly, although the operating principles and the structural architecture of the QDSSC and 
the DSSC, are very similar, the applicable redox electrolyte could not be carried over from 
DSSC to QDSSC. This is because the light-absorbing materials – that is, – the sensitisers 
employed in these two types of cell behave in different manners. Hence a full restructuring of 
the electrolyte in a QDSSC is paramount. This restructuring f needs to be consistent with the 
energetic and electronic properties of the QDs. The redox electrolyte in a liquid junction 
QDSSC dictates the maximum achievable open circuit voltage. Carefully choosing the redox 
 116 
 
electrolyte is therefore equally, if not more, important than the choice of sensitiser, working 
electrode or counter electrode.  
The redox electrolyte in a QDSSC must have a redox potential higher than the QD valence 
band, but as far from the TiO2 Fermi level as possible in order to achieve a high VOC. In 
addition, the redox electrolyte must also have a high standard rate constant for an efficient 
charge transfer at the QD – electrolyte (reduced species) and electrolyte (oxidised species) –
counter electrode interfaces.  Amongst the various studies that have been conducted on 
QDSSCs, one weak point that can be identified is that the recombination mechanism focusing 
on redox electrolyte has not been thoroughly investigated. Hence there is limited information 
about the electron transfer mechanisms between the electrolyte and the quantum dots, and the 
electrolyte and counter electrode – two of the crucial factors affecting the FF and VOC.  
Ferrocyanide/ferricyanide redox electrolyte was thus chosen as the working electrolyte for 
the QDSSC model investigated in this thesis due to its high standard rate constant that 
promotes high charge transfer kinetics in the cell. In comparison with the polysulfide 
electrolyte, the ferrocyanide/ferricyanide redox electrolyte has the ability for higher transfer 
kinetics (Bouroushian et al., 2006) due to its high standard rate constant (Tachibana et al., 
2008), thus the latter is favoured for application on QDSSC. Previous studies on QDSSCs 
were generally conducted using polysulfide electrolyte since the usual I-/I3- electrolyte used in 
DSSC resulted in poor conversion efficiencies, as discussed earlier in section 3.2.4. The 
general observation on QDSSC where polysulfide electrolyte was used is the low VOC 
ranging at 0.4-0.5 V (Lee and Chang, 2008, Jovanovski et al., 2011) and low FF at 0.3-0.56 
(Pandey et al., 2000) (Pandey et al., 2000, Gimenez et al., 2009, Jovanovski et al., 2011, Sung 
et al., 2013). There have been studies utilising polysulfide redox couple though where VOC 
has been dramatically improved by:  (1) using a highly-efficient multimodal porous carbon as 
counter-electrode resulting in VOC = 0.63 V, FF = 0.56 (Fan et al., 2010); and suppressing the 
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recombination at the transparent conducting oxide (TCO) and electrolyte resulting to VOC = 
0.6 V and FF = 0.6 (Ruhle et al., 2012). Ferrocyanide/ferricyanide electrolyte was used by 
Tachibana and co-workers to investigate the effect of an electron blocking layer between the 
conducting electrode and the porous TiO2 semiconductor on the performance a QDSSC 
(Tachibana et al., 2008). Although this study resulted in only a 1% overall conversion 
efficiency, the use of ferrocyanide/ferricyanide electrolyte has showcased the increase in 
open circuit voltage to 0.68 V as compared to the previous studies. This advantage, however, 
is a double-edged sword, since it can also result in faster recombination, such as that of the 
electron from TiO2 to electrolyte, or from the QD conduction band to the electrolyte. The first 
recombination can be controlled via insertion of an electron blocking layer between FTO and 
porous TiO2, as has been successfully demonstrated in both DSSCs (Cameron and Peter, 
2003) and QDSSCs (Tachibana et al., 2008).  
Prior to these studies, Rubin’s group suggested that ferricyanide/ferrocyanide redox 
electrolyte has another important function: preventing QD decomposition during photon 
absorption in the presence of water. This can be described by the reaction below (Rubin et al., 
1984): 
2h+ + CdS            Cd2+ + S0           6-1 
where hV is the incident photon, h2+ is the absorbed photon that ionises the CdS resulting to 
oxidised Cd2+ and sulfur. 
It was initially believed that the suppression of this decomposition is brought about by faster 
reaction in the electrolyte, relative to slightly slower photo oxidation of the QD, as can be 
attributed to its one-electron charge transfer (Bard and Wrighton, 1977; Gerischer, 1977 as 





electrolyte may have acted as QD anti-oxidant through electron mediation by modifying the 
CdS surface and enhancing the interfacial charge transfer rates (Rubin et al., 1984).  
In the present study, the focus is on the effect of the reduced and oxidised species 
concentration in the redox electrolyte on the interfacial charge transfer kinetics of the 
QDSSC, as manifested by changes in the j-V profile of the cell. Some light will be thrown on 
the two hypotheses that (1) there is faster charge transfer due to one-electron change in 
ferricyanide/ferrocyanide, and, (2) the reduced species inhibits QD oxidation. But the focus is 
neither on the details of the one-electron transfer nor the QD surface chemistry, but rather on 
the changes in the j-V profile caused by systematically varying the concentrations of the 
reduced and oxidised species.  
The role of ferrocyanide/ferricyanide electrolyte in a QDSSC is basically to maintain the 
efficient and sustainable regeneration of the QD oxidised holes by the reduced species, and 
transport of electrons from the counter electrode to the quantum dot − that is, the reduction of 
the oxidised species in the electrolyte (Figure 6.1). For example, the reduced species in a CdS 
QDSSC with a ferrocyanide/ferricyanide redox electrolyte donates an electron to the QD 
oxidised hole to bring the latter back to the ground state, i.e. CdS+ + Fe(CN)64-  CdS0 + 
Fe(CN)63-, while the oxidised species scavenges the electron from the counter electrode to 
bring the redox electrolyte back to its original state, i.e. Fe(CN)63- + e-  Fe(CN)64-. The 
electron injection rate (i.e., the reduction of the QD oxidised hole) should be relatively faster 
than the recombination rate (i.e. recombination of the excited electron back to the QD valence 
band) to sustain the functionality of the solar cell. These functions, however, are not simple 
and involve complex electron dynamics and kinetics at the interfaces of the solar cell. 
Illustrated in Figure 8.1 are the electron injection and recombination mechanisms, either of 





Figure 6.1. Illustrated functioning of the redox electrolyte in a liquid junction solar cell 
using CdS QDSSC based on a ferrocyanide/ferricyanide redox electrolyte as a model. 
The operational mechanism of the CdS QDSSC was explained in chapter 1. This study 
employs an aqueous solution of the ferrocyanide/ferricyanide redox couple, which is one of 
the preferred electrolytes for QDSSC due to its high standard rate constant (Rubin et al., 
1984) promoting excellent interfacial charge transfer kinetics. This advantage though could 
easily become a disadvantage since a high standard rate constant hastens both the 
regeneration and recombination rates dependent on the electrolyte’s composition. 
Ferrocyanide/ferricyanide electrolyte also, by virtue of its potential being energetically in 
close proximity with the QD valence band, will prefer reduction of the QD oxidised hole 
(Feldt et al., 2010) based on Marcus theory. This preference for hole regeneration promotes 
efficient photon absorption resulting in continuous photo-injection of electron from the QD 
conduction band towards the TiO2 conduction band. This continuous photo-injection 
consequently pushes the TiO2 Fermi level to more negative thereby suppressing the 
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recombination rate between the TiO2 conduction band and the oxidised species in the redox 
electrolyte.  
6.2 EXPERIMENTAL METHODS APPLIED TO ELECTROLYTE  
There are a few established methods – both experimental and mathematical calculations 
based on experimental results – of measuring the potential of redox electrolytes. Cyclic 
voltammetry and spectroelectrochemical measurement were applied in this study to a 
ferrocyanide/ferricyanide redox electrolyte, and the results compared with literature values. 
The chemicals used to prepare the ferrocyanide/ferricyanide were described in subsection 
5.2.2.  
6.2.1 Cyclic voltammetry  
Cyclic voltammetry was conducted on an aqueous solution of 10 mM K4Fe(CN)6 with 100 
mM LiClO4 as supporting electrolyte (LiClO4 or any supporting electrolyte is not 
electroactive in the potential range of ferrocyanide/ferricyanide and is added to increase the 
conductivity of the solution)  at a sweep rate of 10 mV/sec to determine the cathodic and 
anodic peak potential of the electrolyte. The working electrode used was platinum wire with a 
working area of 0.0785 cm2, platinum mesh with an area of 1 cm2 as the counter-electrode, 
and Ag/AgCl as the reference electrode. The samples were placed in a quartz cuvette and 
monitored at inert and dark condition to minimise unwanted interference from air and light. 
The measurements were conducted using IVIUM Compact Stat.  
6.2.2 Spectrochemical measurement 
Spectroelectrochemical measurements were performed in a thin layer optical cell with a 
three-electrode configuration (Ivium Technologies B.V., Compact Stat), following the 
method described previously.(Matta et al., 2014) The spectroelectrochemical cell consisting 
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of an aqueous solution of 10 mM K4Fe(CN)6 and 100 mM LiClO4 as supporting electrolyte, a 
platinum mesh electrode, a platinum wire electrode and a compact Ag/AgCl electrode as a 
working, counter and reference electrode, respectively, was placed in an absorption 
spectrometer (UV-2450, SHIMADZU). Absorption spectra were measured by monitoring the 
change in intensity of the probe light passing through the Pt mesh electrode in the cell 
containing the liquid electrolyte, after bias application into the mesh electrode for 
approximately 5 min. Bias was applied from +100 mV vs. Ag/AgCl, following the 
measurement of the reference line after 15 min stabilisation at +100 mV vs Ag/AgCl. 
The redox potential was further verified via spectro-electrochemistry measurement using the 
same aqueous solution. The working electrode used was a platinum mesh, platinum wire with 
an area of 0.02 cm2 was used as the counter-electrode, and Ag/AgCl as the reference 
electrode. The samples were similarly placed in a quartz cuvette and monitored at inert and 
dark condition to minimise unwanted interference from air and light. The measurements were 
conducted using a Shimadzu spectrometer. 
6.2.3 Redox potential calculation based on spectroelectrochemical data 
 The redox potential of the K3Fe(CN)6/K4Fe(CN)6 electrolyte was calculated from the 
spectroelectrochemical data using the method of Matta et al.  (2014) For a reversible system 
at equilibrium, the concentrations of oxidised (CO) and reduced (CR) forms of the 
electroactive couple at the electrode surface in an electrochemical cell are related to the 
applied potential, E, by Nernst equation: 
 




where R is the gas constant, T is temperature, F is Faraday constant, and n is the number of 
electrons involved in the electrochemical reaction. Upon application of the potential, the 
electrolysis reactions rapidly adjust the ratio, CO/CR, to the value consistent with eqn. 6-1. 
The changes in concentration of the oxidized and reduced forms can be monitored by an 
absorption spectrometer. According to Beer-Lambert law, absorbance, A, is expressed as 
 
                    6-2 
where ε is the extinction coefficient, C is the concentration, and L is the optical path length of 
the spectroelectrochemical cell.  
The concentrations of the oxidised and reduced forms change upon application of the 
potential E to the electrode. In a simple case such as the one used in this thesis, the 
concentration ratio (CO/CR) can then be calculated by equation 6-3 (Matta et al., 2014): 
                                6-3 
where AO and AR are the absorbance of fully oxidized and reduced forms at a monitoring 
wavelength in the spectro-electrochemical cell, A(E) is the absorbance for the mixture of 
oxidized and reduced forms at the same wavelength at the applied potential E. When CO 
equals to CR, i.e. when CO/CR = 1,  
                     6-4 
                       6-5 
The K3Fe(CN)6/K4Fe(CN)6 redox potential can then be determined by plotting the applied 
potential as a function of log10 (CO/CR). The graph is a straight line, and the intercept on the 
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vertical (potential) axis (log10 (CO/CR) = 0) gives the redox potential. The slope of the straight 
line is 2.303xRT/(nF) and allows the number of electrons involved in the electrochemical 
reaction, n to be found. 
6.2.4 Comparing ferrocyanide/ferricyanide redox electrolytes 
Ferrocyanide/ferricyanide and polysulfide electrolytes’ photovoltaic performance were 
compared in order to showcase how the identical CdS QDSSCs (fabricated as per the 
methods discussed in chapter 5) behaved when applied with these electrolytes. Photovoltaic 
measurements such as j-V profile and IPCE were performed and the results plotted together.   
6.3 RESULTS OBTAINED FOR THE FERRO/FERRI CYANIDE 
ELECTROLYTE AND DISCUSSION 
The succeeding subsections discuss each experimental results and calculations conducted in 
order to find the redox potential of ferrocyanide/ferricyanide redox electrolyte. It can be 
noted that these exercises yield similar value for the redox potential which gives confidence 
that the experimental and calculated values are correct.  
6.3.1 Cyclic Voltammogram 
The cyclic voltammogram mechanism shows that as the electrode potential is ramped up, 
ferrocyanide [K4Fe(CN)6] is consumed until it is completely depleted and converted to 
ferricyanide [K3Fe(CN)6], which is represented by the anodic peak potential at 180 mV vs. 
Ag/AgCl (Bard and Faulkner, 1980). As the backward bias is applied, the ferricyanide that 
formed earlier starts to get reduced until it is completely depleted, thus converting it back to 




In this experiment, as the positive bias is applied, an anodic peak appeared at about +300 mV 
vs Ag/AgCl. A cathodic peak was shown around +200 mV vs Ag/AgCl, when the bias was 
swept to the negative direction. Figure 6.2 shows the actual cyclic voltammogram profile of 
ferrocyanide where the cathodic and anodic peaks are 0.3 V and 0.18 V, respectively. The 
redox potential EP was calculated using the simple mean equation described in chapter 6 and 
found to be 0.24 V vs. Ag/AgCl. This value is between the valence and conduction bands of 
CdS QD making it suitable for use as a redox couple. The measured cathodic and anodic 
peaks were used to calculate the standard redox potential by taking the simple mean shown in 
Eq. 6-2 of the potentials since the process is reversible. 
  
Figure 6.2. Cyclic voltammogram of 10 mM K4Fe(CN)6 with 100 mM LiClO4 as 
supporting electrolyte at a sweep rate of 10 mV-sec-1 scanning between 300 mV to 700 
mV (Yonezu, 2013). 
A standard potential, E°, for a reversible couple was determined from the average of the 
cathodic and anodic peak potentials. The calculated redox potential EP was 0.24 V vs. 
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Ag/AgCl which is between the valence and conduction bands of CdS QD making it suitable 
to be used as a redox couple.  
6.3.2 Spectrochemical measurement and calculation 
Shown in Figure 6.3 is the spectroelectrochemical spectra of an aqueous solution of 10 mM 
K4Fe(CN)6 with 100 mM LiClO4 as supporting electrolyte scanned at a positive voltage 
between 500 mV to 100 mV vs. Ag/AgCl. Spectroelectrochemical profile shows no 
absorption change when applied with 100 mV potential which means that there was no 
charge transfer occurring hence, the solution solely contains the original species (reduced 
species). However, charge transfer starts to occur upon application with 220 mV vs. Ag/AgCl 
potential which means that some portion of the reduced species in the solution was converted 
to oxidised species. Complete oxidisation of the reduced species occurred upon application 
with 480 mV vs. Ag/AgCl.  
The peak absorption were then plotted in Figure 6.4 for simpler analysis where it shows the 
change in absorbance of K4Fe(CN)6 under increased bias application from +100 mV vs. 
Ag/AgCl. Positive signal appears with a peak at about 420 nm, when the bias was applied 
positively from +220 mV owing to oxidation of Fe(CN)64-. We have confirmed that the 
absorbance is invariant at the applied bias of >+500 mV vs. Ag/AgCl. To evaluate a redox 
potential, log scales of the absorption difference at 410 nm were plotted as a function of 
applied bias, and the results are shown in Figure 6.5. Based on the above description, the 
redox potential was calculated to be +0.26 V vs. Ag/AgCl. This result is similar to the value 
(+0.24 V vs. Ag/AgCl) obtained from the cyclic voltammogram result shown in Figure 6.2. 





Figure 6.3. Spectroelectrochemical spectra of 10 mM K4Fe(CN)6 / 100 mM LiClO4 in 
aqueous solution with a positive voltage sweep from 500 mV to 100 mV.  
The redox potential of ferrocyanide/ferricyanide redox electrolyte has been experimentally 
measured and verified in this thesis to be around 0.26 V vs. Ag/AgCl. The redox potential 
was measured using several methods mentioned earlier in this chapter (subsection 6.2) such 
as cyclic voltammetry and spectro-electrochemistry which resulted in similar values.  
The redox potential of the electrolyte is an important factor in choosing the appropriate redox 
electrolyte for solar cells. The rationale behind choosing ferrocyanide/ferricyanide redox 
electrolyte in this thesis was shown by comparing the j-V profiles of two identical QDSSCs 
employing ferrocyanide/ferricyanide and polysulfide redox electrolytes, respectively. Since 
the VOC is defined as the distance between the redox potential and the TiO2 Fermi level, as 
expected the polysulfide redox electrolyte resulted in a lower VOC due to the location of its 
redox potential at -0.65 V vs. Ag/AgCl (Hodes et al., 1976). This is closer to the TiO2 Fermi 
level as compared to the ferrocyanide/ferricyanide redox potential at +0.26 V vs. Ag/AgCl. 
Positive bias application 
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As the electrode potential is ramped up, ferrocyanide is consumed until it is completely 
depleted and converted to ferricyanide (oxidised species), which is represented by the anodic 
peak potential (Bard and Faulkner, 1980). As the backward bias is applied, the ferricyanide 
that formed earlier starts to get reduced until its complete depletion, thus converting it back to 
ferrocyanide. The electrode potential is now returned to its initial set potential thus 
completing the cycle. This is represented by the cathodic peak potential. 
The spectroelectrochemical experiment was conducted to check and confirm the experimental 
result from the cyclic voltammogram. The spectroelectrochemical profile in Figure 6.3 shows 
no absorption change when applied with 100 mV potential vs. Ag/AgCl. This implies no 
charge transfer has occurred; hence, the solution still solely contains the original species, that 
is, the reduced species. However, when the system was applied with 220 mV, a small 
absorption was observed, which means that charge transfer started to occur, converting some 
portion of the reduced species into oxidised species. Upon increasing application of bias into 
the system, the absorption continued to increase linearly until there was no longer an increase 
in absorption. This condition means that the reduced species has been completely converted 
into oxidised species. The recorded applied bias that reached the plateau absorption was 480 
mV vs. Ag/AgCl, further increase in applied bias did not result in further increase in 
absorption. This was clearly shown when we plotted the applied bias vs. absorbance as seen 
in Figure 6.4 where the absorbance reached a plateau from 480 mV onwards, indicating that 
all the reduced species had been converted to oxidised species. 
With these two methods of determining the redox potential of ferrocyanide/ferricyanide 
electrolyte, we have experimentally and mathematically found that both methods gave the 
potential of the electrolyte to be 260 mV vs. Ag/AgCl. 
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To clearly demonstrate the applied voltages where charge transfer occurred, the absorbance 
of an aqueous solution of 10 mM K4Fe(CN)6 with 100 mM LiClO4 as supporting electrolyte 
monitored at 410 nm against the applied voltage vs. Ag/AgCl was plotted. Figure 6.4 shows 
that no absorption occurred at ca. 100 mV which means that there was no charge transfer in 
the electrolyte. However, complete conversion of the reduced species was observed at ca. 400 
mV represented by a plateau on the profile. These two potentials represent the cathodic and 
anodic peak potentials of the electrolyte similar to cyclic voltammogram. Taking the simple 
mean between these two potentials, results in 0.25 mV, which is comparable with the cyclic 
voltammogram result of 0.24 mV. 
 
Figure 6.4. Absorbance of 10 mM K4Fe(CN)6 / 100 mM LiClO4 in aqueous solution as a 
function of voltage monitored at 410 nm wavelength (Yonezu, 2013). 
An additional redox potential determination via calculation was conducted by plotting the 
potential of the same electrolyte against log Co/Cr, as shown in Figure 6.5. According to 
Nernst equation, when the oxidised/reduced species concentration ratio equals unity then the 
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actual redox potential is also the standard redox potential of the electrolyte. The zero x-
intercept represents the potential when the reduced and oxidised species concentration ratio is 
unity, which is also the redox potential of ferrocyanide/ferricyanide electrolyte. Plotting the 
log CO/CR where CO and CR are the oxidised and reduced species concentrations, 
respectively; against the potential applied confirms the redox potential at ca. 0.26 V as 
demonstrated in Figure 6.5. This result agrees with both the results of cyclic voltammogram 
shown in Figure 6.2 and Spectrochemical measurement shown in Figure 6.4. 
 
 
Figure 6.5. Voltage vs. Log Co/Cr of 10 mM K4Fe(CN)6 / 100 mM LiClO4 in aqueous 
solution monitored at 410 nm wavelength giving a potential of 260 mV (Yonezu, 2013). 
These measurements of the redox potential at 0.24 mV – 0.26 mV vs. Ag/AgCl agree with 
the reported redox potential of ferrocyanide/ferricyanide electrolyte (Tachibana et al., 2008). 
The redox potential of this electrolyte, which lies above the valence band but below the 
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conduction band of CdS QD makes it a suitable choice of electrolyte. However, the redox 
potential is not the only reason why ferrocyanide/ferricyanide electrolyte is the best choice 
for CdS QDSSC, this electrolyte is also characterised with high standard rate constant which 
is beneficial for the interfacial charge transfer kinetics of the solar cell. 
6.3.3 Ferrocyanide/ferricyanide electrolyte vs. polysulfide electrolyte 
To compare the impact of ferrocyanide/ferricyanide and polysulfide electrolytes, two 
identical CdS QDSSCs were fabricated using the procedure described in chapter 5: one using 
a ferrocyanide/ferricyanide redox electrolyte in aqueous solution, and the other a polysulfide 
electrolyte.  The polysulfide electrolyte consisted of 3 M S, 2 M Na2S.9H2O and 0.1 M 
LiClO4 in ethanol:water solution at 20% ethanol, while the aqueous solution of 
ferricyanide/ferrocyanide was at 0.3 M/0.015 M respectively. Preparation of the redox 
electrolytes was described in chapter 2. The j-V and IPCE profiles of both QDSSCs were 
then assessed using the procedure described in subsection 2.3.2. 
While the commonly used redox electrolyte for QDSSC has been polysulfide redox 
electrolyte, it has major setbacks, which are low VOC and FF thereby adversely affecting the 
overall conversion efficiency of the QDSSC. Since VOC is described as the difference 
between the redox potential and the semiconductor Fermi level (Zaban et al., 2003, Gratzel, 
2003), choosing a redox electrolyte with a potential that is higher than the QD valence band 





Figure 6.6. Potential diagram comparison between ferrocyanide-ferricyanide and 
polysulfide where the former’s redox potential is at 0.26 V vs. Ag/AgCl based on the 
experiment from this thesis. The redox potential of a  polysulfide (S2-/Sn2-) electrolyte (-
0.65 V vs. Ag/AgCl) is also shown as a comparison (Hodes et al., 1976).  
Figure 6.6 shows the comparison between the redox potential of polysulfide (Hodes et al., 
1976) and ferrocyanide/ferricyanide (redox potential measured in this thesis) electrolytes 
correlating this difference on the predicted VOC of the respective QDSSCs using these 
electrolytes.  As expected, the latter is the superior choice to achieve a higher VOC since its 
distance from the semiconductor Fermi level is larger than that of the polysulfide electrolyte. 
In addition, the ferrocyanide/ferricyanide electrolyte is known to have a high standard rate 
constant (Rubin et al., 1984, Tachibana et al., 2008), which can be attributed to its one-
electron charge transfer  (Bard and Wrighton, 1977; Gerischer, 1977 as cited by Rubin et al., 
1984) that can prove to be advantageous in terms of the interfacial charge transfer kinetics. It 
can be remembered that Hagfeldt’s group has reported studies on both CdS QDSSC and 
DSSC where they achieved a much higher VOC than the rest of the studies using modified 
polysulfide electrolyte in organic solvent (Li et al., 2011a, Li et al., 2011b). If the resultant 
VOC is to be used as an indicator of the electrolyte’s behaviour, having the VOC defined as the 
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distance between the redox potential and the semiconductor Fermi level (Gratzel, 2003), then 
it is clear that the modification applied on the polysulfide has shifted the redox potential to 
more positive, resulting to increased distance between the redox potential from the 
semiconductor Fermi level thus, leading to a higher VOC (Li et al., 2011a). The measured 
final redox potential was equivalent to 0.8 V vs. Ag/AgCl (Li et al., 2011a) compared to -
0.65 V vs. Ag/AgCl for polysulfide electrolyte in alcoholic aqueous solution (Hodes et al., 
1976, Bouroushian et al., 2006). Furthermore, Li and co-workers cited the works by other 
groups (Bang and Kamat, 2009, Li et al., 2011b, Ning et al., 2011)  claiming that the presence 
of polysulfide in the cell rendered the TiO2 Fermi level more negative, thereby further 
increasing the distance between the redox potential and the Fermi level (Li et al., 2011a) 
leading to increased VOC. According to Marcus’ theory, this increased distance between the 
redox potential and semiconductor Fermi level leads to slower recombination rate at the 
TiO2-electrolyte interface since these two species are energetically far from each other and 
thus recombination is less favoured compared to the reduction of QD oxidised hole. The 
suppression of this recombination rate then improves the performance of the cell with 
increase in JSC, VOC and FF. On the one hand, the modified polysulfide electrolyte in question 
had an entirely different structure and solvent compared to the polysulfide that we used in 
this study, which is composed of polysulfide electrolyte in 1:4 water to ethanol ratio. Hence a 
valid comparison between this modified polysulfide electrolyte and the electrolyte we are 
employing in this research may not be possible. 
To illustrate the effect of the electrolytes’ redox potential on the performance of the solar cell, 
two identical cells were manufactured and characterised. Figure 6.7  showed a higher VOC for 
the solar cell with ferrocyanide/ferricyanide redox electrolyte at 0.7 V as compared with the 
cell using polysulfide electrolyte resulting in 0.32 V open circuit voltage. However, the JSC 
was higher by about 30% in the solar cell with polysulfide redox electrolyte. The IPCE 
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profiles shown in Figure 6.8 corroborated this result that showed the QDSSC employing 
polysulfide electrolyte resulted in higher IPCE and predicted photocurrent. The FF for each 
cells clearly show the advantage of using ferrocyanide/ferricyanide over polysulfide 
electrolytes where the former is almost twice than the latter at ca. 70% vs. 35%.  This 
deterioration in FF indicates poor regeneration resulting in increased series resistance and 
decreased shunt resistance. 
 
Figure 6.7 The j-V profile of CdS-sensitised TiO2 QDSSC using polysulfide (red line) 
and ferricyanide/ferrocyanide (blue line) electrolyte. Broken lines represent the dark j-
V profiles. 
As shown in Figure 6.6 the redox potential of ferricyanide/ferrocyanide is more positive at 
0.26 V vs. Ag/AgCl than the potential of polysulfide electrolyte at -0.25 V vs. Ag/AgCl 
(Hodes et al., 1976, Bouroushian et al., 2006). Since the VOC is represented as the potential 
difference between the quasi Fermi level of the TiO2  and the redox potential of the 
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electrolyte in light condition (Gratzel, 2003), it is expected that the ferrocyanide/ferricyanide 
redox electrolyte will yield a higher VOC, as indeed has been found in the experiments 
conducted in this thesis (see Figure 6.7). Because the redox potential of the polysulfide 
electrolyte is more negative and thus further from the CdS valence band compared to the 
ferrocyanide/ferricyanide redox couple, the rate of charge transfer will be slower at this 
interface thus promoting photo-oxidation of the CdS QD with polysulfide electrolyte. 
Conversely, since polysulfide redox potential is energetically closer to the CdS conduction 
band, the rate of electron transfer at this interface will be faster resulting in increased 
recombination. This rationale is based on Marcus theory that states energetic distance 
between species affects the rate of electron transfer between these two interacting species.   
Hence, the ferrocyanide/ferricyanide redox couple, by virtue of its redox potential can 
suppress the recombination rate from the CdS QD conduction band to the oxidised species, 
resulting in a higher FF and VOC compared with polysulfide redox electrolyte, as shown in 




Figure 6.8 IPCE spectra of CdS-sensitised TiO2 SC using polysulfide (red line) and 
ferrocyanide/ferricyanide redox electrolytes. 
The IPCE spectra in Figure 6.8 show a higher IPCE profile for the polysulfide redox 
electrolyte than for ferrocyanide/ferricyanide, consistent with the j-V data showing the 
polysulfide with a slightly higher short circuit current. However, since this IPCE 
measurement used a lower power intensity compared to the higher intensity of the broadband 
solar simulator, the degradation of the QDSSC at polysulfide configuration was limited and 
was not observable in IPCE profile as compared to its j-V profile. The measured short circuit 
and the calculated photocurrents were higher in the cell with polysulfide electrolyte. This 
difference will be discussed in detail in chapter 8. The decrease in VOC was attributed to the 
increased recombination rates from the TiO2 conduction band to the oxidised species in the 
electrolyte. This condition then inhibited the regeneration of the oxidised quantum dot 
resulting in the decline of electron transfer from the CdS to the TiO2 conduction bands thus 
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leading to decreased in photocurrent. The continued decrease in both the VOC and JSC led to a 
poor FF of the cell at just ca. 30% or less than 50% of the cell with ferrocyanide/ferricyanide 
configuration. 
Overall, these experiments show that changing the type of the redox couple electrolyte in two 
otherwise identical QDSSCs can lead to a significant difference in their conversion 
efficiency. It shows how careful selection of the electrolyte can result in a substantial 
improvement in the overall QDSSC performance, specifically in the fill factor and open 
circuit voltage. The comparison between two identically fabricated QDSSCs but one with a 
ferrocyanide/ferricyanide redox electrolyte and the second with a polysulfide electrolyte 
clearly indicates the advantage of using the former.  
6.4 ELECTROLYTE OF CHOICE 
Historically, the QDSSCs where polysulfide was used as the redox electrolyte have generally 
resulted in low VOC as verified in the literature review in chapter 3. The redox potential of the 
electrolyte plays a big part in the resultant VOC of the solar cell, since the latter is defined as 
the distance between the redox potential and the Fermi level of the semiconductor (Gratzel, 
2003, Zaban et al., 2003). Figure 6.6 showed this difference in the redox potential of the two 
electrolytes, and its implication for solar cell performance.  As shown in Figure 6.6, the redox 
potential of ferricyanide/ferrocyanide is more positive at 0.26 V vs. Ag/AgCl than the 
potential of polysulfide electrolyte at -0.65 V vs. Ag/AgCl (Hodes et al., 1976, Bouroushian 
et al., 2006) thus giving the former larger distance from the Fermi level than the latter. Since 
the VOC is represented as the potential difference between the quasi Fermi level of the TiO2  
and the redox potential of the electrolyte in light condition (Gratzel, 2003), it is expected that 
the ferrocyanide/ferricyanide redox electrolyte will yield a higher VOC, as indeed has been 
found in the experiments conducted here (see Figure 6.7). Because the redox potential of the 
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polysulfide electrolyte is more negative and thus further from the CdS valence band 
compared to the ferrocyanide/ferricyanide redox couple, the rate of charge transfer will be 
slower at this interface thus promoting photo-oxidation of the CdS QD with polysulfide 
electrolyte. Conversely, since polysulfide redox potential is energetically closer to the CdS 
conduction band, the rate of electron transfer at this interface will be faster resulting in 
increased recombination. This rationale is based on Marcus theory that states energetic 
distance between species affects the rate of electron transfer between these two interacting 
species.    
Based on the results from the series of experiments described in subsections 6.2 and 6.3, the 
ferrocyanide/ferricyanide redox electrolyte was found to be the most suitable for a CdS 
QDSSC due to its (1) redox potential that can theoretically result in higher open circuit 
voltage, and (2) high standard rate constant resulting in efficient regeneration of the oxidised 
QD at the valence band and reduction of the oxidised species at the counter electrode. 





7. THEORIES ON AND CALCULATIONS OF FACTORS 
SIGNIFICANT IN BUILDING AND CHARACTERISATION OF THE 
PHOTOVOLTAIC PROPERTIES OF QDSSC 
7.1. INTRODUCTION 
Calculations based on related theories were conducted to support the analyses of the 
experimental results. Diffusion flux and the porosity of electrodes were calculated (in 
subsections 0 and 0 respectively) prior to estimating the anodic limiting current shown in 
subsection 0. Anodic limiting current was calculated based on Fick’s First Law equation as 
presented by Durr et al.’s group (2014) and modified in this study to suit a QDSSC. The 
calculation establishes that the oxidised or reduced species becomes the limiting factor to the 
anodic current depending on the concentrations. In other words, the oxidised species is the 
limiting factor when reduced species concentration is above the optimum concentration, 
while the reduced species becomes the limiting factor when the reduced species concentration 
is below the optimum. Lastly, electron lifetime was calculated based on the experimental 
results for Open Circuit Voltage Decay, which focuses on the electron lifetime at the 
interface between TiO2 and electrolyte. Overall the optimum oxidised species concentration 




7.2. PARAMETERS CALCULATED 
7.2.1 Diffusion flux 
Diffusion flux is the rate at which the reduced species reaches the CdS oxidised hole from the 
counter-electrode through diffusion. This was calculated using Fick’s first law:  
                                                        7-1 
where   is the diffusion flux,  is the concentration gradient, and  is the diffusion 
constant at the TiO2 pore, which will be calculated in the next chapter ( section 8.4). Equation 
(7-1) states that the flux is proportional to the concentration gradient (Bard and Faulkner, 
1980). Therefore, it is expected that the highest reduced species concentration reaches the 
CdS surface faster than that with lower concentration.  
The diffusion flux calculation was conducted at increasing reduced species concentration 
from 1.0 x 10-5 M to 0.3 M and the results are shown in Table 7.. This helped in explaining 
the changing behaviour of the solar cell when the reduced species concentration was varied. 
Reduced species concentration  (M) Calculated diffusion flux  (mol.cm-2.s-1) 
0 (0.00001) 5.21 x 10-7 
0.01 5.21 x 10-4 
0.2 1.04 x 10-2 
0.3 1.56 x 10-2 
Table 7.1. Calculated diffusion flux at increasing reduced species concentrations. 
The resultant diffusion flux shows a linear increase as the concentration of the reduced 
species is increased, as can be seen in Figure 7.1. Note that the flux for 0.1 M concentration 




Figure 7.1. Graphical relationship between diffusion flux and reduced species 
concentrations based on Fick’s First Law. 
7.2.2 Porosity  
The porosity, Ɛ, was calculated based on Figure 7.2  using porosity TiO2 = 0.69 from a 
previous work by Tachibana’s group (Tachibana et al., 2007a) and adjusted to account for the 
adsorbed CdS.  Initially, the cube’s volume (enclosed by the red line in Figure 7-2) was 
assumed to be solid (0% porosity). The number of CdS particles adsorbed on TiO2 film was 
then  calculated using Beer-Lambert’s equation (7-2) using CdS QD size of 4 nm in diameter 
(Tachibana et al., 2009), 
Abs = ϵCL                                       7-2          
Where Abs is the amount of absorbed light at a specific wavelength of CdS, ϵ is CdS’ 
extinction coefficient, C is the concentration of CdS in the film (volume), and L is the 
thickness of the film perpendicular to path of light. 
The absorbance of CdS QD sensitised TiO2 film is 1.10 at 450 nm exciton peak (Veamatahau 
et al., 2015), CdS extinction coefficient of 4.85 x 105 M-1cm-1, and TiO2 film thickness, L = 6 
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µm. The resulting CdS particle concentration was thus 3.78 x 10-6 mol cm-3 based on equation 
7-2. Since the film is composed of both the TiO2 and CdS QDs the porosity has to be adjusted 
by subtracting both the volume of TiO2 and CdS QD (calculated based on the concentration) 
from the film’s volume at 0% porosity.  The adjusted porosity of the CdS QD sensitised TiO2 
film is 0.61.  
  
Figure 7.2 Schematic diagram of the CdS quantum dot (gold spheres) sensitised TiO2 
(grey spheres) as used as a model for porosity calculation. The volume enclosed within 
the red broken lines is the full volume of the film at 0% porosity. Note: not drawn in 
scale.               
7.2.3 Anodic limiting current 
The limiting current of the cell was calculated in order to understand the behaviour exhibited 
by the QDSSC samples at varying irradiation intensity. The calculated limiting current was 
used to determine whether the system was diffusion-limited or charge-transfer limited, and 
hence support the analysis of the experimental results. There are two equations that could be 
possibly used to calculate limiting current: Papageorgiou’s group’s equation  (Papageorgiou 
et al., 1998) and Durr and co-workers’ (Durr et al., 2004) equation. To help choose the most 
suitable equation for the current case, it is important to discuss briefly and compare these two 
equations. 
Both these two equations calculate the limiting current based on the diffusion, concentration 
and distances of the electron pathways. Papageorgiou et al. (Papageorgiou et al., 1996) has a 
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simplified equation for calculating the limiting current of a steady-state system, with a linear 
dependence on porosity, diffusion coefficient and the oxidised species concentration, and   
inverse proportionality to the thickness of the porous TiO2 is. Papageorgiou’s group 
(Papageorgiou et al., 1996) used a calculation model where the limiting current is controlled 
by the oxidised species concentration since the reduced species concentration is high while 
the oxidised species concentration is low.  
 
The system studied in the present work is the reverse of Papageourgiou’s system such that the 
equation needs to be adjusted to accommodate the reduced species as the limiting species as 
shown in (7-3). Since the limiting current Ilim is the total Faradaic current of the cell when the 
charge transfer rate is increased, it is expected that it will be larger than the net photocurrent 
of the cell, which is calculated after the losses in recombination, and system losses are 
subtracted:  
 
                                                                                                          7-3 
where ϵp is the porosity, F is the Faraday constant = 9.6 x 104 C-mol-1, D0 is the diffusion 
coefficient of the oxidised species, C0(init) is the concentration of the oxidised species 
introduced in the porous material, and   is the thickness of the TiO2.  
However, this equation is based upon the condition that the porous layer fills the entire space 
between the electrodes but maintains no electrical contact with the counter-electrode. This 
condition was not met in the current cell since the distance between the porous TiO2 layer and 
the counter-electrode is large at about three times the thickness of the porous layer. Overall, 
Papageourgiou’s method does not completely satisfy the conditions of the cell in the current 
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study since it does not take account of the changes in diffusion coefficient of the reduced 
species; i.e., the diffusion from the Pt cathode towards the CdS surface and the diffusion from 






Figure 7.3 A schematic configuration of the CdS-sensitised TiO2 solar cell used in the 
experiment. (A) Shows the direction of the reduced species diffusion towards direction 
of FTO. (B) Shows the locations 0 (starting point), d and l following the direction of the 
reduced species anodic current where the reduced species complete depletion happens 
at x = l. Note that d = 19 µm, l = 25 µm for the distance between FTO and Pt, while s = l 
– d for ease of representation. The measurement of distances l and d is from point 0 
following the direction x arrow (Evangelista et al., 2016). 
Durr and co-workers modified equation 7-3 for limiting current (Durr et al., 2004)t, and this 
modified equation is  applicable to the current system provided it is modified to suit the 
electrolyte used in this study. The modified equation was derived as follows, following the 
previous work of Durr et al., (2004). 
The modified equation relates the cathodic and anodic limiting currents to the effective and 
bulk diffusion coefficients of the limiting species (that is, reduced species in this case). The 
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depleted and therefore low relative to oxidised species concentration; and (2) the oxidised 
species is depleted and therefore low relative to reduced species concentration (Evangelista et 
al., 2016).  
When reduced species are consumed at the QD surface, the concentration of reduced species 
is zero at x=0 (Figure 7.), the anodic limiting current is then calculated by using the following 
equation derived from Fick’s first law (Durr et al., 2004) : 
                             7-4 
where Jlim is the anodic limiting current, n is the number of elementary charges transported 
by the diffusion of one ferrocyanide ion:  
Fe(CN)64-          Fe(CN)63- + 1e-                                                 7-5 
F is the Faraday constant, cdR is the concentration of the reduced species at the location x = d, 
and Dp,eff is the effective diffusion constant of ferrocyanide through porous TiO2 network. 
Since the continuity over the whole diffusion path shown in Figure 7. has to be considered 
Jlim thus becomes: 
                                               7-6 
where  c0R and clR are the concentration of the reduced species, respectively, at locations x = 
0, d and l, respectively at the direction x as shown in Figure 7.3. 
Since reduced species concentration at x=0 is zero (complete depletion of the reduced 




                                   7-7 
                                           7-8 
Conservation of the average reduced species concentration, cR, further requires that: 
                     7-9  
where ε is the porosity of the CdS QD sensitised TiO2 film, i.e. the ratio between the free 
volume and the total volume of the CdS QD sensitised TiO2 film corrected for suitability to 
the current model and explained at 0. Since c0R = 0, elimination of clR and cdR using 
Equations 7-7 to 7-9 thus result in: 
         7-10 
Simplifying Equation 7-10 leads to: 
 
               7-11 
          
To calculate Jlim,a, the effective diffusion coefficient, Deff, was first calculated using the van 
Brakel and Heertjes equation (van Brakel and Heertjes, 1974):  
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              7-12 
where Q is the diffusibility of the reduced species inside the porous medium and porosity Ɛ, 
was calculated to 0.61 in section 0, Q were calculated from 0.35 ~ 0.51 which is in the 
vicinity of the Q value calculated for DSSC with I3-/I- redox couple (Durr et al., 2004). Since 
Dbulk = of 6.67 × 10-6 cm2s-1 for the reduced species of the electrolyte (Konopka et al., 1970); 
using 8-11, Deff was calculated to be 2.33 × 10-6 ~ 3.40 × 10-6 cm2s-1. Substituting these 
values to 7-12, Jlim,a at various reduced species concentration were calculated.  
Considering oxidised species as the limiting species for the diffusion transport, equation 7-10 
can be rearranged to illustrate the total depletion of the oxidised species at x=l  (refer to 
Figure 7.3 for the direction of transport Jlim,a (oxidised species as the limiting species) can 
then be calculated using equation 7-11. Both results are summarised in Figure 7. 
                      7-13 
The anodic limiting current densities at fixed oxidised species concentration of 0.01 M was 
calculated using equation 7-13 come out in the range 5.6 – 5.8 mA/cm2. These values are 
relatively high compared to the expected photocurrent for the same QDSSC. Therefore, it can 
be deduced that the oxidised species concentration does not limit the solar cell performance 
(Evangelista et al., 2016).  
In view of this analysis, this study was conducted with fixed oxidised species concentration 
of 0.01 M, and hence the reduced species concentration is the one limiting the solar cell 
performance. Figure 7.4 shows that the reduced species concentration, is the limiting factor to 
the anodic limiting current until 0.02 M reduced species concentration which is expressed as 
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20 mM in the figure. However, once the reduced species concentration was increased beyond 
0.02 M, the oxidised species becomes the limiting species and anodic limiting current 
remains at 5.6 ~ 5.8 mA/cm2 even when the concentration of the reduced species is further 
increased (Evangelista et al., 2016). 
 
Figure 7.4. Anodic limiting current density as a function of the reduced species 
concentration. The limiting current density was calculated in the case that the limiting 
species is oxidized or reduced form of the electrolyte, using Equation 12 and 14, 
respectively. The limiting current density falls within the area, highlighted in blue in the 
figure (Evangelista et al., 2016). 
7.2.4 Electron lifetime 
During photoirradiation of the cell at open circuit, the free electron density at the 
semiconductor (n) is dependent on two factors. The first is due to the electron 
photogeneration, which results in electron injection to the TiO2 conduction band leaving 
behind an oxidised hole at the QD. Photogeneration can be sustained due to the presence of 
the reduced species in the electrolyte that continuously reduce the QD oxidised hole. The 
second factor is the recombination of the photogenerated electron towards the oxidised 
species in the redox couple. This recombination is largely the cause of recombination losses 
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compared to photogenerated electron recombination towards the QD oxidised hole. These 
two factors lead to: (1) n being increased via photogeneration at a given rate of  
where Io is the incident light and  is the absorption coefficient of the QD; and (2) n 
decreases via recombination at a rate U(n). This explanation is based on the study conducted 
by Zaban and co-workers (Zaban et al., 2003) where they developed a model to analyse the 
electron lifetime by combining the recombination rate and the photogeneration giving the 
kinetic equation  as shown in equation (7-14).  
                                                                                              7-14 
At constant illumination, the cell reaches a photo-stationary situation where photogeneration 
G equals recombination U(n) or U(n)= . This leads to the VOC corresponding to the 
increase in quasi-Fermi level of the TiO2 with respect to the dark value, EFO making the 
redox electrolyte energy Eredox= EFO. VOC can then be expressed in terms of its relationship 
with the energy and electron density (Bisquert et al., 2002, Zaban et al., 2003):  
                                                                                                7-15 
where VOC is the open circuit voltage, EFn is the increase in the quasi Fermi level of the 
semiconductor, EFo is the quasi Fermi level of the semiconductor at dark, e is the positive 
elementary charge, kB  is the Boltzmann’s constant, and T is the temperature. 
Since the VOC(t), is recorded after the illumination is interrupted, Io becomes 0. Then, aabs 
Io=0 and equation (7-15) becomes .   is the reciprocal of the electron 
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lifetime which gives . Combining this equation with equation (8-14), the lifetime 
can be derived from the transient VOC using: 
                                                                                                             7-16 
where  is the lifetime,  is the Boltzmann’s constant and  is the positive elementary 
charge. Considering the huge influence of the recombination rate (Zaban et al., 2003) on the 
VOC, as shown in equation (7-15), we can determine the lifetime in terms of VOC (equation 7-
16) simply by employing the open circuit voltage decay (OCVD) technique.  
The OCVD technique can be experimentally simple but it proves to be advantageous over 
other techniques as it can provide continuous monitoring of the VOC then consequently, 
lifetime was calculated as a function of VOC (Zaban et al., 2003). 
The calculated lifetimes of electrons at the TiO2-electrolyte interface based on the 
experimental results in OCVD experiment using equation 7-15 shows that the charge 
recombination from the TiO2 electrode to the electrolyte was at > 1 ms when evaluated at 
higher concentrations of oxidised species i.e. 0.1 M  ~ 0.5 M. On the other hand, when the 
oxidised species concentration is approaching nil i.e. 0M, the electron lifetime has been 
observed with long lifetime ca. a few seconds which is attributed to the limited number of 
oxidised species generated via oxidation of the reduced species during illumination 
(Evangelista et al., 2016). This open circuit voltage decay exercise has identified that the 
optimum oxidised species concentration is ca. 0.01 M, which will allow the electron to 
survive longer at the TiO2 before recombining with the oxidised species therefore minimising 




Figure 7.5. Calculated lifetime of electron n as a function of VOC based on Zaban and 
co-workers(Zaban et al., 2003). 
7.3. CONCLUSION 
The diffusion flux of the system used in this thesis was calculated in this chapter and the 
values summarised in Table 7.. The result confirms Fick’s First law, which states that the flux 
is directly proportional with the concentration gradient. In this exercise, the cells with highest 
reduced species concentration at 0.3 M resulted in 1.56 x 10-2 mol/cm2-s whereas the cells 
with the lowest reduced species concentration of 0.01 mM resulted in 5 orders of magnitude 
lower than that of the 0.3 M system at 5.21 x 10-7 mol/cm2-s. The cells with 0.2 M reduced 
species resulted in similar diffusion flux as 0.3 M system at 1.04 x 10-2 mol/cm2-s. Figure 7.1 








On the other hand, the porosity was calculated at 0.61 based on the absorbance – where the 
concentration of the CdS at solid state was derived from - and the physical dimensions of the 
film – where the volume of the film was calculation.  
Meanwhile, the calculated electron lifetimes at different oxidised species concentration have 
identified the optimal oxidised species concentration at 0.01 M, which has resulted in a 
charge recombination time of a few seconds. This is a three order of magnitude reduction in 
the charge recombination rate in a system with a high oxidised species concentration of ca. 















8. PHOTOVOLTAIC CHARACTERISATION: INTERFACIAL 
CHARGE TRANSFER DYNAMICS IN A QUANTUM DOT 
SENSITISED SOLAR CELL  
8.1 INTRODUCTION  
Recent research into QDSSCs has been prolific, and a number of studies have focused on the 
influence of the redox electrolyte on the overall conversion efficiency of the solar cell (Lee et 
al., 2009a, Jovanovski et al., 2011, Li et al., 2011a). Sometimes research into the redox 
electrolyte has been conducted in tandem with another modified components such as 
sensitisers (McDaniel et al., 2013, Lee et al., 2013, Radich et al., 2014b), photo anode 
(Niitsoo et al., 2006, Zhang et al., 2011, Pan et al., 2012) and counter electrode (Fan et al., 
2010, Yang et al., 2011, Ye et al., 2014). However, so far there have been no reported studies 
exclusively focusing on the effect of the individual concentrations of the reduced and 
oxidised species in the redox electrolyte.  
As stated earlier, the commonly-used electrolytes in QDSSCs are polysulfide (Pan et al., 
2012, Lee et al., 2013), cobalt complex (Lee et al., 2009b, Lee et al., 2009a) and I-/I3- (Niu et 
al., 2012, Zhang et al., 2014), together with the modified versions of these electrolytes (Li et 
al., 2011a, Hod and Zaban, 2014). Some of the studies conducted that relate to the role of 
redox electrolyte in the overall performance of the QDSSC are briefly mentioned here. Vogel 
and co-workers, for example, demonstrated the viability of CdS as sensitiser to wide band 
gap TiO2 for possible application in photo electrochemical cell employing both the 
polysulfide and the ferrocyanide/ferricyanide electrolytes for comparison purposes (Vogel et 
al., 1990). Another study using these two redox electrolytes but on a CdSe QDSSC found that 
the use of polysulfide electrolyte resulted in improved photocurrent and chemical stability 
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(Bouroushian et al., 2006).  Hagfeldt’s group utilised another version of modified polysulfide 
electrolyte in an organic solvent on a chemical bath deposited CdS QDSSC and dramatically 
improved the FF to 0.89 and VOC to 1.2 V resulting in 3.2% efficiency (Li et al., 2011a). 
These experimental results for FF and VOC have so far been unmatched for CdS QDSSCs or 
any QDSSC employing polysulfide electrolyte.  Hence this study is quite an achievement, 
especially since polysulfide electrolyte usually results in low VOC when applied in a QDSSC.  
Cobalt complex electrolyte has also been employed in a CdSe QDSSC with a 1.7% efficiency 
achieved (Lee et al., 2008a). There have also been a few studies utilising I-/I3- as redox 
electrolyte such as for CdSe/ZnS core shell QDSSC that focused on the improvement of the 
sensitiser’s stability via introduction of core shell architecture on the QD (Sambur and 
Parkinson, 2010). Earlier, however, it was found that I-/I3- electrolyte caused photo corrosion 
of the semiconductor QD (Lee et al., 2009a), thereby affecting the cell’s stability.  
Recently, another group has used an organic thiolate/disulfide electrolyte to team up with a 
2,2 poly(3,4-ethylenedioxythiophene) or (PEDOT) counter electrode for a CdS QDSSC that 
resulted in 1.53% efficiency (Shu et al., 2014). The result of this group’s investigation will be 
compared later with the study conducted in this thesis. However, this is not entirely surprising 
since the application of polysulfide electrolyte has, historically, resulted in poor VOC, which 
was as low as 0.42 V (Jovanovski et al., 2011). Hagfeldt’s group though used a modified 
polysulfide electrolyte with an organic solvent in a QDSSC that resulted in very high VOC at 
1.2 V (Li et al., 2011a).  
Indeed, the electrolyte in a QDSSC or any regenerative electrochemical cell plays a major 
role in improving the overall performance specifically in the interfacial charge transfer 
kinetics of the cell (Chakrapani et al., 2011). As mentioned earlier in section 3.2.4, the studies 
on the role of electrolytes in improving solar cell performance have generally focussed on the 
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modification of the electrolyte structure or usage of a modified solvent. But the actual effect 
of the concentration combinations between reduced and oxidised species on the charge 
transfer kinetics at the interfaces within the QDSSC has so far not been investigated.  
The QDSSC design used in the present research is shown in Figure 8.1, which has an 
additional dense layer of TiO2 (dTiO2) electron blocking layer deposited between the FTO 
(collecting electrode) and nanoporous TiO2 (Tachibana et al., 2008) The CdS quantum dots 
are used as sensitiser, while ferrocyanide/ferricyanide [Fe(CN)64- / Fe(CN)63-] are respectively 
the reduced and oxidised species of the electrolyte. Lastly, platinum was employed as the 
counter-electrode. A detailed review of previous studies on how each of these components 
affects the overall performance of the QDSSC has already been provided in chapter 3. The 
present chapter focuses on the role of the redox electrolyte in the solar cell, concentrating 
specifically on interfacial charge transfer kinetics.   
 
Figure 8.1: Schematic of the structure of the liquid-junction CdS quantum dot 
sensitised TiO2 solar cell investigated in this study. 
The VOC and FF have been further increased by optimising the concentration ratio between 
ferrocyanide/ferricyanide in the redox electrolyte to improve the interfacial charge transfer 
kinetics. The experiments conducted to find the optimal concentration ratio for the 




8.2 EXPERIMENTAL METHODS 
8.2.1 Methods  
To compare ferrocyanide/ferricyanide as the redox electrolyte in a QDSSC with a polysulfide 
electrolyte, the j-V profiles of two identical QDSSCs, one using ferrocyanide/ferricyanide 
and the other using a polysulfide electrolyte, were measured.  
First the two solar cells were fabricated of which involved film preparation such as deposition 
of the dense TiO2 layer, printing of porous TiO2 layer, and sensitisation, as described in detail 
in chapter 5. The actual experiments were usually conducted immediately after solar cell 
fabrication and measurements of IPCE, transient photocurrent, and transient photovoltage 
conducted, etc.  
The dark current was first measured by applying a bias at a pre-determined scanning rate 
without illumination. This is a way to check the diode behaviour of the solar cells (Giebink et 
al., 2010). Dark current measures the current flowing in the cell or any photosensitive device 
without the perturbations associated with the presence of irradiation. This current is the result 
of random generation of electrons and holes at the depletion regions in the cell.  Ideally, the 
photocurrent should just be the dark current plus the illuminated current in the absence of 
losses that were consequences of the complex dynamics and kinetics in the cell during 
illumination. However, this is not usually the case due to many factors affecting the 
deterioration of the solar cell during irradiation, such as recombination losses and quantum 
dot degradation. Essentially, the comparison between the dark and illuminated j-V profile can 
identify or eliminate the factors that contribute to the poor performance of the cell. The 
significant information that can be derived from dark current measurement is that it facilitates 
in estimating the charge recombination arising between the photogenerated electron and the 
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oxidised species in the redox electrolyte (Zhang et al., 2011). Further detailed discussion 
about j-V profiles, its behaviour and interpretation can be found in chapter 9.   
After the dark current measurement, the photocurrent-voltage (j-V) characteristics of the solar 
cells were measured. This sequence of measurement was followed to avoid pre-excitation of 
the electrons by the incident radiation, which would have led to inaccurate dark j-V 
measurements.  
Both the dark and illuminated j-V data were measured using a solar simulator (HAL-320, 
Asahi Spectra Co. Ltd.) with a xenon lamp as the light source. A power meter (Asahi) was 
used to calibrate the irradiance intensity of the solar simulator prior to j-V measurements. The 
j-V measurements were then conducted by sweeping voltage between working and counter 
electrodes at 10 mV step and 100 ms delay time.  
The j-V profiles of the CdS QDSSC at different reduced and oxidised species concentration 
combination were measured using the solar simulator at AM1.5G (1 sun condition, 100 
mW.cm-2 at 25 ± 2 OC).  
The main experiments conducted were grouped into two exercises: 1) optimising the reduced 
species concentration; and 2) optimising the oxidised species. The optimised 
reduced/oxidised species concentration combination was then used to improve performance 
of the cell in terms of their measured j-V and IPCE profiles. Both these sets of experiment 
followed the identical procedures in fabricating the solar cells as described in chapter 5.   
Firstly, the effects of the reduced species on the interfacial charge transfer kinetics of the cells 
were tested by decreasing its concentration from 0.3 M to 0 M while keeping the oxidised 
species concentration at 0.01 M, and measuring the changes in j-V performance. IPCE 
measurements were conducted on the cells after j-V characterisations and the comparison on 
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the cell performance relative to the reduced species concentration had been established 
(Figure 8.2). The j-V measurement was conducted prior to IPCE measurement in order to 
avoid pre-excitation of the cell which could result to inaccurate (higher) current and voltage 
measurement.  In addition to j-V and IPCE profiles characterisations, additional experiments 
were conducted such as irradiation intensity dependence of the cell, transient photocurrent 
and absorption spectra measurements. The detailed procedure of these experiments is 
described in subsection 0. 
Secondly, the concentration of the oxidised species – ferricyanide – was varied while the 
reduced species concentration is kept at 0.2 M. Again cell performance was assessed through 
its j-V profile and IPCE measurements. In order for the result to be fully conclusive, 
additional experiments were conducted such as transient photovoltage decay and absorption 
spectra measurements, as described in subsections 0 and 2.3.2, respectively. The electron 
lifetimes at different oxidised species concentrations were calculated to further validate the 
result of the series of experiments. The calculations that were performed and explanation of 
theories that were used to support the discussion of experimental results were included in 
chapter 7. 
Another set of j-V profile measurements was conducted using different irradiation intensities 
from the solar simulator, which was adjusted from 9 to 130 mW-cm-2 at 25 ± 2 OC. These 
varied power intensities were used to illuminate a set of solar cells with different redox 
electrolyte concentration combinations to check the cells power dependency. Screen meshes 
were fabricated to achieve lower light intensity while the power was increased to achieve 
higher intensity as confirmed by the power meter (Asahi). The output of these measurements 
are current, voltage, fill factor (FF) and, consequently, solar cell conversion efficiency. The 




8.2.2 Measurement and characterisation of  j-V profiles 
Identical solar cells were fabricated using the method described in chapter 5. The effects of 
the reduced species and oxidised species respectively on the interfacial charge transfer 
kinetics of the cells were then tested by decreasing or increasing the concentration of the 
other species in the redox electrolyte through the assessment of the j-V performance. The 
chronological order of gathering the solar cell data were dark j-V, photo j-V and IPCE 
measurements (the method of which is discussed at the next subsection) on each of the 
parameters applied, such as varying concentration combination and irradiation intensity. The 
changes in the charge transfer kinetics of the cells were observed based on the changes on j-V 
profile behaviour as the individual redox species were varied.  
The first set of j-V measurement and characterisation was conducted in order to find the 
optimal reduced species concentration. This was done by keeping the oxidised species 
concentration constant while gradually increasing the reduced species concentration then 
observing how the cell’s j-V profile develops. Conversely, the other set of j-V measurement 
and characterisation was conducted to find the optimal oxidised species concentration was 
conducted by keeping the reduced species concentration constant while gradually decreasing 
the oxidised species concentration then observing the changes in the cell’s j-V profile. These 
two sets of j-V profile characterisation were done under AM1.5G solar simulated light (1 sun 
condition, 100 mW.cm-2 at 25 ± 2 OC). On the other hand, another set of j-V characterisation 
was conducted to observe power dependence of the cells where j-V profiles were collected 
from 9 to 130 mW.cm-2 by adjusting the power of the solar simulated light. A number of 
screen meshes were fabricated to achieve lower light intensity while the power was increased 
to achieve higher irradiation intensity as confirmed by the power meter (Asahi). Both sets of 
the j-V measurements were conducted by sweeping voltage between working and counter 
electrodes at 10 mV step and 100 ms delay time. 
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wherein the cells were subjected to different irradiation intensity was while Aside from There 
were several sets of experiments conducted during characterisation of the j-V profile such as 
commenced the investigation of the interfacial charge transfer dynamics of the QDSSC 
model used in the thesis. At this stage, overall information of how the QDSSCs behaved 
when subjected to varying parameters was identified. In addition, the trend at which its 
overall interfacial charge transfer kinetics changes upon exposure to pre-determined 
parameters. 
The corresponding data gathered from j-V measurements − such as short circuit current (JSC), 
open circuit voltage (VOC), fill factor (FF) and predicted photocurrent from IPCE 
measurements − were plotted to find the relationships between these measured parameters 
and variations in input conditions such as concentration combination and irradiation intensity. 
8.2.3 Measurement of incident photon to current conversion efficiency (IPCE) 
IPCE measurements were conducted on the cells after j-V characterisations where an upward 
trend on the cell performance relative to increasing reduced species concentration had been 
established. IPCE measurement was conducted by using a monochromatic light (SM-100 
Bunkoukeiki) and a Xe lamp light source. A 0.5 cm2 silicon photodiode was used to calibrate 
both the monochromatic light intensity and the solar simulated light (used in j-V 
measurement) prior to measurement. The IPCE measurement setup followed the general 
setup found in the literature, using a xenon lamp as a white light source passing through a 
monochromator chopper. The chopped monochromatic light illuminated the solar cell and the 
measurement was conducted at a rate of change of wavelength of 10 nm per sec with the 
spectral response plotted automatically as IPCE (y-axis) versus wavelength (x-axis). A direct 
current method was employed in this experiment using a desktop IPCE measurement system 
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(SM-100 Bunkoukeiki), which also automatically calculated the corresponding predicted 
photocurrent of the solar cell.  
As with the j-V profile characterisation, the effect of increasing the reduced species 
concentration while keeping the oxidised species concentration constant on the IPCE profile 
of cells was evaluated. The same procedure was applied with the decreasing oxidised species 
concentration at constant reduced species concentration and the power dependence 
investigation.  
The outputs of this measurement were the IPCE for each wavelength and the predicted 
current. IPCE measurements were conducted for every single solar cell assembled in this 
thesis and were vital parts of the discussion of results and conclusions drawn.  
The predicted photocurrent was calculated using equation 8-1: 
 
                            8-1 
 
where q is the elementary charge, Io is the light intensity, and  is the wavelength.  
8.2.4 Measurement of transient photocurrent and photovoltage 
Investigating the individual charge transfer kinetics at each interfaces is essential in order to 
understand better the underlying dynamics of a working solar QDSSC. To do this, the 




Transient photocurrent was measured at decreasing reduced species concentration with 100 
mM LiClO4(aq) as supporting electrolyte, using monochromatic light and excited at 470 nm 
and applied bias of +0.2 V. The experiment is conducted employing a 3-cell configuration 
using CdS sensitised TiO2 films prepared following a method described elsewhere(Tachibana 
et al., 2008) with an active area of 0.25 cm2 as working electrode, Platinum wire as counter-
electrode and Ag/AgCl as reference electrode. The measurement was conducted in a N2 
environment inside a quartz vessel using SM-100 Bunkokeiki under monochromatic light. 
Potentiostat was used to maintain the potential of the working electrode at a constant level vs. 
Ag/AgCl. Transient photocurrent experiment were conducted on the CdS QD sensitised solar 
cells using AM1.5G solar simulated light (1 sun equivalent, 100 mW.cm-2 at 25 ± 2OC) at 
short circuit condition. The cells were then illuminated and the measured current recorded by 
the computer interface. 
Another transient photocurrent experiment was conducted under a monochromator at 
decreasing reduced species concentration with 100 mM LiClO4(aq) as supporting electrolyte, 
excited at 470 nm and applied bias of +0.2 V. The experiment was conducted employing a 3-
cell configuration using CdS sensitised TiO2 films prepared following the Successive Ionic 
Layer Adsorption Reaction (SILAR) method based on other works (Tachibana et al., 2008). 
The cell’s active area of 0.25 cm2 served as the working electrode, platinum wire as counter-
electrode while Ag/AgCl served as reference electrode. Measurement was conducted in a N2 
environment inside a quartz vessel using SM-100 Bunkokeiki under monochromatic light. A 
potentiostat was used to maintain the potential of the working electrode at a constant level vs. 
Ag/AgCl. 
Transient photocurrent experiments were conducted to investigate the behaviour of the 
excited electrons at the interface of the CdS QD and the TiO2 nanoporous material. This 
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experiment was designed to identify which among the assembled CdS QDSSC have transient 
properties that show degradation and which do not. The latter thus show efficient 
regeneration of the CdS quantum dots upon continuous illumination. Transient photocurrent 
experiments were conducted to observe the behaviour of the electrons at the TiO2/CdS 
interface, using the setup, procedure and equipment described earlier in chapter 2. 
Transient photovoltage measurements were also conducted to investigate the behaviour of the 
electrons at the interface of TiO2 nanoporous layer and the electrolyte This exercise were 
conducted at open circuit conditions using the same solar simulator at AM1.5G (100 mW.cm-
2, 1 sun equivalent) on a CdS-sensitised TiO2 solar cell.  The cells were illuminated until an 
equilibrium condition was achieved. Illumination was then interrupted and the photovoltage 
decay was recorded. Essentially, the transient photovoltage is measured in dark condition 
(Zaban et al., 2003) therefore the experiment measures only the movement of electrons from 
the TiO2 to the electrolyte. This information is very important in verifying the j-V profiles 
gathered in earlier experiments as it measured how long does the electron survive at the TiO2 
before it recombines to the electrolyte or commonly known as electron lifetime (Bisquert et 
al., 2004). This exercise shed light on why CdS QDSSC at particular reduced/oxidised 
species concentration combination performed better or worse than other cells at different 
concentration combinations. Since the transient photovoltage is measured in the dark 
condition, only the movement of electrons from the TiO2 to the electrolyte was being 
measured in this exercise.  
8.3 RESULTS 
8.3.1 Optimising ferrocyanide concentration  
The effect of increasing reduced species concentration on the interfacial charge transfer 
kinetics of the QDSSC as manifested in the j-V profile of the solar cell is shown in Figure 
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8.2. The cell performance immediately deteriorated in the absence of reduced species, while 
adding a small amount at 10-3 M proved to still be insufficient to activate the cell. At 10-2 M 
concentration, however, the cell started to function resulting in a short- circuit photocurrent 
of 2.14 mA.cm-2. Further increasing the reduced species concentration to 0.1 M gave a 
maximum current of 2.29 mA.cm-2, and then 2.57 mA.cm-2 at 0.2 M. However, when the 
concentration was further increased to 0.3 M concentration the maximum current density 
slightly decreased to 2.13 mA.cm-2. The resultant VOC were almost identical from 10-2 M to 
0.3 M concentration ranging from 0.6  – 0.7 V, while 0 M and 10-3 M resulted in very low 
VOC at 0.26 V and 0.38 V, respectively. 
 
Figure 8.2. Current-voltage curves for a QDSSC with CdS-sensitised TiO2 films scanned 
at AM1.5 (100 mW.cm-2) at increasing reduced species concentration.  
Fill factors exhibited a similar trend to the VOC, as can be seen in Figure 8.4 with a slight 
difference where FF remained low (0.25 to 0.31) from 0 M until 10-2 M, whereas   the VOC 
started to increase at 10-2 M at 0.60 V up to 0.71 V for 0.2 M. Both the slopes for the JSC and 
0.2 M 
0.1 M 





VOC regions could be seen deteriorating starting at 10-2 M reduced species, which means that 
both the shunt and series resistances have respectively decreased and increased. Shunt 
resistance is the resistance that prevent the recombination of the excited electron within the 
circuit as shown in the diode circuit thereby allowing the electron to complete its journey 
towards the load and to the counter-electrode. This resistance can be attributed to the material 
defects and not to the cell’s design. On the other hand, series resistance are the contact 
resistances and are due to each components’ compatibility with another e.g. the excited 
electron from the QD could not continue going to TiO2 conduction band due to resistance at 
the interface. This increase and decrease on the shunt and series resistances, respectively 
resulted in a very low FF of 0.31 for a reduced species concentration of 10-2 M, or less than 
half that for 0.1 M to 0.3 M, which ranged from 0.71 to 0.75.  
 
Figure 8.3. VOC as a function of the reduced species concentration 
Between 0.1 M and 0.3 M, however, both the VOC and FF reached their maximum values, 
and thereafter started to decrease slightly. Hence 0.2 M was identified as the optimum 
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concentration to be used for the cell. It should be noted that the maximum potential difference 
between the TiO2 conduction band edge at pH 7 (which closely resembles the system used in 
this exercise since it is aqueous) and the ferrocyanide/ferricyanide redox electrolyte is 0.79 V, 
thus the experimental maximum VOC attained at 0.8 V has already attained the maximum 
theoretical VOC for this system. 
 
Figure 8.4. Fill factor as a function of reduced species concentration. 
The slight decrease in JSC at 0.3 M concentration was initially attributed to the competition 
between the absorption of light by the CdS quantum dots and the redox electrolyte. However, 
the absorption profile in Figure 8.5 confirms that the absorption of the electrolyte at 
wavelengths higher than 350 nm is actually negligible compared to the absorption of the 
sensitised film. The slight decrease in the JSC at 0.3 M can thus be attributed to other factors, 





Figure 8.5. Absorption profiles of the CdS-sensitised TiO2 film as a function of 
decreasing reduced species concentration.  
Figure 8.6 shows that the light intensity affects the photocurrent density, and hence the 
capacity of the reduced species to regenerate the QD oxidised hole. Photocurrent density at 
constant 1 sun equivalent irradiation is dependent on the reduced species concentration, being 
high at concentrations ≥ 0.1 M, but almost zero when concentrations are ≤ 0.001 M. On the 
other hand, the photocurrent densities are independent of reduced species concentration when 
the cell is irradiated with monochromatic light (470 nm). These findings suggest that ≤ 0.001 
M reduced species concentration at 1 sun equivalent irradiation does not provide sufficient 






Figure 8.6 Relationship between short circuit photocurrent density at 1 sun equivalent 
irradiation and IPCE at monochromatic light, with varying reduced species 
concentration. 
Meanwhile, the IPCE spectra of the films at increasing reduced species concentration were 
similar at around 35% except for a relatively higher IPCE with 0.2 M concentration at 45%. 
While these spectra differentiated the 0.2 M concentration from other reduced species 
concentration, they did not provide sufficient argument for the use of other films with lower 
electrolyte concentration. Hence, additional experiments were conducted, such as the 
transient photocurrent experiment, to check the transient behaviour of the cells at specific 
concentrations, and an irradiation intensity dependence experiment to check the role of the 






Figure 8.7. IPCE spectra of CdS sensitised TiO2 films at increasing reduced species 
concentration scanned at monochromatic light. 
Plotting the relationship between actual JSC, and IPCE monitored at 410 nm as functions of 
reduced species concentration shows that the maximum values for both JSC and IPCE occur at 
the 0.2 M concentration of reduced species, as shown in Figure 8.7. This exercise identified 
0.2 M of reduced species concentration as the optimal concentration that resulted in the best 
solar cell performance. The profile in Figure 8.8 also highlighted the degradation of the cell 
(sharply decreasing JSC) at low reduced species concentration starting from 10-3 M to nil 
when subjected to 1 sun equivalent of irradiation. On the other hand, the cells remained stable 
even at low reduced species concentration when illuminated with lower intensity light from 
the monochromators, as manifested by the IPCE results. A summary of the j-V and IPCE 
measurements of the solar cell is provided in Table 8.1. 
This degradation in performance of the cell with decreasing reduced species concentration 











where the variation of current density is observed over time of irradiation. The cells with 0.2 
M, 0.3 M and 0.01 M reduced species concentration resulted in the highest photocurrents in 
the first 10 seconds of monitoring, respectively, consistent with the data in Figure 8.2.  
  
Figure 8.8 Transient photocurrent at OFF-ON under AM1.5 (100 mW.cm-2 ) at short 
circuit condition, with 10 ms interval between measurements.  Reduced species 
concentration decreasing and fixed oxidised species concentration at 0.01 M.  
The irradiation intensity dependence experiment (Figure 8.9) showed that, as the reduced 
species concentration decreased, the performance of the cell became more sensitive to the 
irradiation intensity, with JSC departing from linear dependence on irradiance. Hence at a very 
low reduced species concentration, the performance of the cell started to degrade, as a sign of 
the reduced species not being able to regenerate the oxidised quantum dot even at very low 
power intensity. The increased reduced species concentration facilitated sufficient 
regeneration of the cells, which was enough to lessen the impact of degradation caused by the 
heightened irradiation intensity. The optimal reduced species concentration of 0.2 M showed 








Figure 8.9. Dependence of short circuit photocurrent density on the intensity of solar 
irradiation (mW/cm2) with decreasing reduced species concentration scanned at AM1.5 
(100 mW.cm-2). The concentration of the oxidised species was kept at 10-2 M. 
8.3.2 Optimising ferricyanide concentration  
The effect of increasing oxidised species concentration, with the reduced species 
concentration kept at 0.2 M, on the interfacial charge transfer kinetics of the CdS QDSSC in 
the form of j-V profile is shown in Figure 8.10.  
Reduced/Oxidised species concentration IPCE Predicted Jsc Actual Jsc 
0.2M ((CN)6)4-/0.5M ((CN)6)3- 9.08 0.4913 0.6831 
0.2M ((CN)6)4-/0.2M ((CN)6)3- 24.80 1.3557 1.7060 
0.2M ((CN)6)4-/0.1M ((CN)6)3- 29.70 1.6212 1.9.397 
0.2M ((CN)6)4-/10mM ((CN)6)3- 47.90 2.8971 2.8144 
0.2M ((CN)6)4-/5mM ((CN)6)3-  39.40% 2.3440 2.2461 
0.2M ((CN)6)4-/1mM ((CN)6)3- 49.70 2.9774 2.5183 
0.2M ((CN)6)4-/0.1mM ((CN)6)3- 55.00 3.5486 2.4655 
0.2M ((CN)6)4-/0.0M ((CN)6)3- 57.40 3.7368 2.4803 
Table 8.1. Predicted (based on IPCE measurement) vs. actual photocurrent density, JSC 









Finally, both the JSC and VOC decreased as the oxidised species concentration was increased 
above the optimal oxidised species concentration of 0.01 M (where the maximum JSC was 
achieved) to 0.5 M. 
 
Figure 8.10. j-V spectra scanned at AM1.5 (100 mW.cm-2) of the CdS-sensitised TiO2 
film as a function of increasing oxidised species concentration. 
Meanwhile, both JSC and VOC stayed almost similar when the oxidised species concentrations 
were below 0.01 M, i.e. 0.005 M to 0 M (Figure 8.10 and Table 8.1). Interestingly, the 
predicted JSC calculated automatically by the machine during IPCE measurements based on 
the amount of incident photon absorbed which would have been converted to photocurrent 
were slightly lower than the actual JSC when the oxidised species concentrations were at 0.1 
M or higher. It then follows the trend in the reduced species where the calculated is higher 
than the actual JSC when the oxidised species concentration was at 0.01 M and lower as 












Figure 8.11. Predicted vs. actual photocurrents as a function reduced/oxidised species 
concentration ratios. 
 
One interesting feature of the increasing oxidised species concentration j-V profile is the 
increasing VOC of the solar cell at 0 M oxidised species concentration shown in Figure 8.10. 
In addition, the photocurrent calculated from the measured IPCE (see subsection 2.3.2), and 
measured photocurrents, were almost the same at the optimum reduced/oxidised species 




Figure 8.12. Absorption profiles of the CdS-sensitised TiO2 film as a function of 
increasing oxidised species concentration. 
In order to eliminate the competition in absorption as the cause in the decrease in the cell 
performance, the absorption profiles of the electrolyte were gathered. Shown in Figure 8.12 is 
an increased absorption by the electrolyte at increased oxidised species concentration as 
compared with the earlier absorption spectra of the reduced species. However, this increase 
was still not sufficient enough to compete with the photon absorption by the CdS. hence 
increased absorption by the electrolyte was eliminated as the cause of the decrease in JSC of 
the cell. 
The IPCE profile in Figure 8.13 shows a decreasing trend when the oxidised species 
concentration was decreased, which generally agrees with the j-V profile in Figure 8.10. 
Surprisingly, the IPCE is at the highest when the oxidised species is at 0 M concentration. 
This relationship may indicate that the power intensity from the monochromatic light was 








Figure 8.13. IPCE spectra of CdS-sensitised TiO2 films at increasing oxidised species 
concentration scanned with monochromatic light. 
 
Figure 8.14. Open circuit voltage decay (OCVD) spectra using increasing oxidised 
species concentration with fixed reduced species concentration at 0.2 M after AM1.5 
(100 mW.cm-2) illumination showing recombination during photoirradiation. 
0 M 











The photovoltage decay experiment shows a similar result to the j-V profile of the cells, with 
the 0.01 M oxidised species concentration resulting in the highest voltage (Figure 8.14).  
Meanwhile, both the FF and JSC increased at low oxidised species concentration, and then 
started to decrease when this concentration was further increased (Figure 8.15). However, the 
disparity between the JSC and FF was significant at very low concentrations (JS being 
relatively high and FF low), while both moved downwards at very high oxidised species 
concentrations. 
 
Figure 8.15. The relationship between JSC and FF as a function of the oxidised species 
concentration of the CdS-sensitised TiO2 film. 
8.3.3 Optimised ferrocyanide and ferricyanide concentration combination   
The reduced/oxidised species concentration combination of 0.2 M / 0.01 M respectively 
resulted in up to 3.8 mA-cm-2 short circuit photocurrent and an open circuit voltage of 0.8V 
(Figure 8.16) or an overall conversion efficiency of 2%. The dark j-V profile, represented by 





profile almost perfectly represented the dark j-V profile in addition to photocurrent created by 
the illumination. This means that the cell did not lose much of its functional efficiency during 
illumination, proving that the cell was in good condition.  
 
Figure 8.16. The j-V spectra of the optimised CdS-sensitised TiO2 solar cells using 0.2 M 
K4Fe(CN)6 / 0.01 M K3Fe(CN)6 redox electrolyte in aqueous solution under 1 sun (100 
mW/cm2) irradiation. The dotted line represents dark current. 
Meanwhile, the IPCE profile showed a relatively high incident photon to current conversion 
efficiency of 58% in the 400–450 nm region indicating comparatively high photon absorption 
together with low recombination and mechanistic losses. The calculated photocurrent density 




Figure 8.17. The IPCE spectra of the optimised CdS sensitised TiO2 solar cells using 0.2 
M K4Fe(CN)6 / 0.01 M K3Fe(CN)6 redox electrolyte in aqueous solution under 
monochromatic light.  
Figure 8.18 compares the initial/reproduced solar cell based on Tachibana’s previous work 
(2008) using a different reduced and oxidised species concentration ratio (0.1 M/0.1 M – red 
line) and the optimal concentration of 0.2 M/0.01M reduced to oxidised species concentration 
ratios (blue line) j-V profiles of the CdS QDSSC after selection of the best performing 
reduced/oxidised species concentrations in the redox electrolyte. A marked increase in the 
photocurrent density between the two reduced/oxidised species concentrations combinations 
can be observed initially at 2.2 mA-cm-2 to 3.8 mA-cm-2. On the other hand, the open circuit 
voltage increased from 0.65 V to 0.8 V while the fill factor remained similar in both solar 




Figure 8.18. The j-V spectra scanned at AM1.5 (100 mW.cm-2) of the optimised (blue) 
vs. previous (red) at 0.1 M/0.1 M reduced to oxidised species concentration ratioCdS-
sensitised TiO2 solar cell 
 
8.4 DISCUSSION 
8.4.1 Optimising reduced species concentration 
Isolating the effect of the reduced species on the performance of the QDSSC helps in 
understanding the interfacial charge transfer kinetics of the cell, thereby offering ways to 
control this kinetics. The function of the reduced species is to regenerate the QD oxidised 
hole in order to keep the solar cell function indefinitely. If this function is restricted through a 
deficiency in the reduced species concentration, the first manifestation is a decrease in 
photocurrent, since there would be no electrons to get photo-injected towards the TiO2 
conduction band. The degradation of the cell would then be apparent due to photo-oxidation 
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of the QD as manifested by the deterioration of both the FF and VOC.  Thus the overall 
conversion efficiency decreases. 
The reduced species component in a redox electrolyte is responsible for the reduction of the 
QD oxidised hole in order to sustain the full solar cell function. This reduction must be faster 
than the recombination of the electron at the QD conduction band to the QD oxidised hole at 
the QD valence band, otherwise the QD starts to degrade. Once QD regeneration is achieved, 
photon absorption occurs and subsequent promotion of the excited electron from the QD 
valence band to the conduction band. Photocurrent is produced when the excited electron 
from the QD conduction band gets injected to the TiO2 conduction band. Assuming that the 
recombination rate from the TiO2 conduction band towards the oxidised species in the 
electrolyte is effectively suppressed, photoinjected electrons are collected at the FTO then 
towards the external load and finally, ending up at the counter-electrode waiting to be 
scavenged by the oxidised species. The efficient overall dynamics of the photogenerated 
electron raises the conversion efficiency of the solar cell.   
The experiments conducted in this thesis employing increasing redox electrolyte’s reduced 
species concentration have confirmed these dynamics of electron transfer at a given reduced 
species concentration. As the reduced species concentration was increased, charge collection 
was being favoured over charge recombination, and the fill factor  FF of the sample QDSSC 
increased (Janssen and Nelson, 2013), as was shown in Figure 8.2. At 0 and 0.01 M reduced 
species concentration, the deterioration of the JSC and fill factor was pronounced and can be 
attributed to insufficient supply and transport of reduced species resulting to decreased 
regeneration of the QD oxidised hole. Conversely, an increase in JSC was observed when 
reduced species concentration was increased due to efficient regeneration of QD oxidised 
hole. This improvement in JSC is attributed to the increased photoinjection to the TiO2 
conduction band brought about by the availability of the electron donors (Kormann et al., 
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1988) to reduce the QD oxidised hole in a timely manner. Similarly, increasing the reduced 
species concentration from 0 M to 0.2 M pushed the Fermi level of the TiO2 towards a more 
negative value as a result of the continuous photoinjection of electrons into the TiO2 
conduction band from the QD conduction band. This shift towards more negative in the TiO2 
Fermi level creates a higher resistance to charge recombination at the interface between the 
Fermi level and  oxidised species in the electrolyte, thus resulting in higher FF (Toyoda and 
Shen, 2012).  
The oxidised hole in the CdS QD created in the valence band when an electron was excited 
and promoted to the QD conduction band, must be regenerated by the reduced species in the 
electrolyte to prevent degradation brought about by photo-oxidation. A sufficient reduced 
species concentration efficiently regenerates this hole, as shown by the experimental results 
reported in subsection 8.3.2. This hole transfer process between the QD and the electrolyte 
inhibits recombination between the electron at the TiO2 conduction band, FTO, or QD 
conduction band, and therefore increases the VOC (Kroon et al., 2007) as cited by 
(Abrahamsson et al., 2010). In addition, the continuous photoinjection at 0.2 M reduced 
species increased the electron density at the TiO2 conduction band, thereby making the Fermi 
level more negative, and leading to an increased VOC. In addition, the resistance to 
recombination between the TiO2 conduction band and the electrolyte’s oxidised species 
increased, thereby contributing to an increased FF.  
When the concentration was further increased to 0.3 M, the VOC stayed the same as for 0.2 
M. Hence the recombination rate from the TiO2 conduction band to the oxidised species in 
electrolyte was still efficiently suppressed due to the maintained high recombination 
resistance at this interface. This high recombination resistance was brought about by 
continuous photoinjection at the TiO2 conduction band as a result of efficient regeneration of 
the CdS oxidised hole. In turn, there was efficient reduction of the QD oxidised hole by the 
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reduced species, at the same time as the fast reduction of the oxidised species of the redox 
electrolyte at the Pt counter electrode. This situation could also mean that the VOC had 
reached its maximum value for this specific solar cell configuration.  
It can be observed though that JSC decreased slightly when the reduced species concentration 
was further increased to 0.3 M. It was initially thought that the slight decrease in JSC may be 
attributed to the competition in absorption between the CdS QD and the redox electrolyte. 
However, it can be concluded from Figure 8.5 that the absorption at 0.3 M reduced species 
concentration was insufficient to cause such competition, and therefore the decrease in JSC 
must be attributed to something else. Since the Voc at 0.3 M reduced species did not 
decrease, it implies efficient reduction of the oxidised species in the electrolyte so that the 
recombination from the TiO2 conduction band towards the redox electrolyte’s oxidised 
species was thus still as efficiently suppressed as with the 0.2 M. The further increase in the 
reduced species concentration from 0.2 M to 0.3 M may have caused efficient reduction of 
the oxidised species in the electrolyte but may have slowed down the reduction of the QD 
oxidised hole, giving rise to lesser photoinjection into the TiO2 conduction band. This effect 
may be caused by the dominance of charge transfer kinetics at the redox electrolyte oxidised 
species/Pt counter electrode interface over the charge transfer kinetics at the QD oxidised 
hole/redox electrolyte reduced species interface.  
The slow regeneration of the oxidised CdS QD at lower reduced species concentration may 
have affected the generation of charge (from QD valence to conduction band) and thus the 
charge transfer at the QD/TiO2 interface or photoinjection, leading to the decrease in JSC. On 
the one hand, the decrease in photoinjection lowers the Fermi level of the TiO2 but not 
significantly enough to promote recombination between the electron at the TiO2 conduction 
band and the redox electrolyte’s oxidised species. Hence, the VOC was not affected, as 
observed in this experiment. On the other hand, the IPCE profile in Figure 8.7 shows that the 
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0.2 M reduced species concentration resulted in the highest IPCE, while those for 0.3 M, 0.01 
M, and 0 M showed similar IPCE.  
As mentioned earlier, IPCE measurements do not account for the recombination losses, but 
rather measures the light harvesting capability of the QDs, electron injection and charge 
collection efficiencies of the solar cell (Tachibana et al., 2009). Since the light intensity used 
during the IPCE measurements is lower than the solar simulator at 1 sun equivalent, QD 
degradation was not manifested; i.e., photocurrent density results were similar regardless of 
the reduced species concentration (Figure 8.6). This was further supported by the power 
dependence experiment that showed similar photocurrent density when the solar cells were 
irradiated at low intensity ca. < 0.25 sun equivalent. Conversely, with applied higher 
irradiance from the solar simulator on the cells, QD’s degradation was evident, as shown in 
Figure 8.2 where the JSC, VOC and FF all deteriorated at low reduced species concentration.  
To explain the differences between the measured and calculated photocurrents, it is 
instructive to look at the equation for the calculated JSC corresponding to the measured IPCE 
shown in equation 8-1. 
  
The values obtained by this integration were summarised in Table 8.. The experimental 
values measured using the broadband solar simulator are similar but generally slightly lower 
than the calculated values, except from 0.3 M to 0.01 M reduced species concentrations. The 
higher calculated or predicted photocurrent density compared to the actual may be due to the 
QDs being able to recover quickly during IPCE measurement. The illumination intensity 
from the monochromatic light was significantly lower than that from the solar simulator at 1 




The disparity between the calculated and experimental photocurrent density, however, 
became dramatic when the concentration was further decreased from 0.001 M to 0 M, rising 
to well above 1 mA.cm-2 as can be observed in Table 8.2. This can be explained by the power 
dependence data showing the cell’s departure from linearity at very low reduced species 
concentrations, which is attributed to insufficient supply and transport of reduced species 
towards the oxidised QD. 
Electrolyte composition IPCE Calculated JSC Measured Jsc 
0.3M ((CN)6)4-/0.01M ((CN)6)3- 0.3655 2.0255 2.1311 
0.2M ((CN)6)4-/0.01M ((CN)6)3- 0.4363 2.5867 2.5661 
0.1M ((CN)6)4-/0.01M ((CN)6)3- 0.3999 2.3824 2.2944 
0.01M ((CN)6)4-/0.01M ((CN)6)3- 0.3756 2.0588 2.0997 
0.001M ((CN)6)4-/0.01M ((CN)6)3- 0.3865 2.2622 0.2517 
0.0001M ((CN)6)4-/0.01M ((CN)6)3- 0.3816 2.0505 0.5381 
0M ((CN)6)4-/0.01M ((CN)6)3- 0.3609 2.0571 0.7001 
Table 8.2. Calculated vs. actual measured photocurrent density, JSC at decreasing 
reduced species concentration with fixed oxidised species concentration at 0.01 M. 
In the present study on QDSSCs, the lower actual photocurrent for reduced species 
concentration of 0 M may be a consequence of the faster consumption of the reduced species 
at QD/TiO2/electrolyte interface at very low reduced species concentration when illuminated 
with 1 sun equivalent compared with illumination using the much lower intensity 
monochromatic light as explained earlier. This degradation in performance of the cell can 
also be observed during the transient photocurrent experiment under 1 sun condition as 
shown in Figure 8.8. This figure shows that gradual photocurrent decay was observed after 
the light was switched off at reduced species concentrations of <0.01M due to insufficient 
supply of reduced species toward QD oxidised hole. Conversely, the transient photocurrent 
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remained constant for solar cells with reduced species concentration at >0.1 M which 
suggests continuous supply of reduced species towards the QD oxidised hole.   
In summary these experiments have identified the optimal reduced species concentration that 
resulted in improved conversion efficiency to be 0.2 M. 
8.4.2 Optimising oxidised species concentration 
The role of the redox electrolyte’s oxidised species in the function of the QDSSC is to 
scavenge efficiently the electron from the Pt counter electrode to maintain the stability of the 
redox electrolyte. The instability was brought about by the loss of electron from the reduced 
species resulting from the reduction of the QD oxidised hole. Figure 8.10 showed the j-V 
profiles, while Figure 8.13 showed the IPCE spectra of the CdS QDSSC where the reduced 
species concentration was kept constant at 0.2 M while increasing the oxidised species from 0 
M to 0.5 M. The photoinjected electron in transit at the TiO2 conduction band on the way 
towards the collecting electrode has the chance of recombining to the oxidised species in the 
electrolyte (Bisquert et al., 2002). This recombination path was favoured at an increased 
oxidised species concentration in the redox electrolyte as proven by the decrease in VOC and 
FF shown in Figure 8.15. Conversely, this recombination path was controlled when the 
oxidised species concentration was decreased.  
The marked decrease in JSC of the cell was caused by the decrease in photoinjection from the 
QD conduction to the TiO2 conduction band, which was the result of an increase in the Fermi 
level of TiO2 thus inhibiting photo injection as the oxidised species concentration was 
increased. To check that the decrease in photoinjection, which was very pronounced at 0.1 M 
and 0.5 M oxidised species concentrations, was not exacerbated by the competition in photon 
absorption between the oxidised species in the electrolyte and the CdS QD, the absorption of 
the oxidised species was measured.  The absorption profiles were summarised in Figure 8.5. 
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Although there was a significant absorption by the oxidised species, especially when 
compared with the reduced species absorption, it was not enough to compete for the photon 
absorption by the QD. The decrease in photocurrent should be attributed to other factors. 
Although there was sufficient amount of the reduced species in the electrolyte that could have 
efficiently regenerated the QD oxidised hole, the experimental result states otherwise. The 
slower regeneration of the QD oxidised hole resulted in the decrease in electron excitation 
from the QD valence band. Therefore photoinjection decreased and lowered JSC, as shown in 
Figure 8.10. The lethargic regeneration of the QD oxidised hole at very high oxidised species 
concentration may be attributed to the reduced species donating its electron to the oxidised 
species in order to maintain the balance within the redox electrolyte. Thus, the QD oxidised 
hole had to take the back seat in terms of regeneration. With the slow regeneration of the QD 
oxidised hole, photon absorption was compromised and so was the photoexcitation. The 
decrease in photoexcitation resulted in decreased photoinjection which ultimately resulted in 
weaker inhibition of the interfacial charge recombination rates (Abrahamsson et al., 2010) 
from the TiO2 conduction band towards the oxidised species of the redox electrolyte thus 
resulting in decreased VOC. Photoinjection at 0 M oxidised species concentration was 
sustained by the sufficient amount of the reduced species in the electrolyte resulting in a JSC = 
2.48 mA.cm-2. However, the FF profile showed an increase in the series resistance and 
decrease in the shunt resistance in the cell, as can be observed in the j-V profile in Figure 
8.15. 
Shu’s group (2014) work has resulted with JSC and FF results being comparable with the 
study in this thesis. However, JSC and FF results, the former’s overall conversion efficiency is 
lower by around 23% as compared to the current study due to the much lower VOC of the 
former at 0.55 V vs 0.8. This improvement is attributed to the choice of electrolyte owing to 
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its redox potential which has a considerable distance from the TiO2’s fermi level – the 
distance in which results to the VOC value.  
The IPCE measurement conducted at increasing oxidised species concentration shown in 
Figure 8.13 gave a similar trend to that in the j-V measurements. However, the 0 M oxidised 
species concentration resulted in the highest IPCE with a predicted current of 3.74 mA.cm-2, 
which was higher than the actual photocurrent at 2.48 mA.cm-2. The regeneration of the QD 
oxidised hole was sustained by the 0.2 M reduced species concentration since there was no 
oxidised species in the electrolyte. High IPCE and predicted photocurrent was gained at 0 M 
oxidised species concentration since the monochromator which was used for IPCE 
measurement has much lower power intensity than the solar simulator used in j-V 
measurement. The low power intensity inhibits the degradation of the QDSSC. So during the 
whole duration of the IPCE measurement, the reduced species efficiently regenerated the QD 
oxidised hole to its ground state hence, high predicted photocurrent. This information 
suggests that this configuration (the redox electrolyte contains purely of reduced species) can 
sustain a low irradiation intensity setup for the QDSSC, i.e. low current and voltage 
requirement application. Figure 8.15 shows the relationship between FF and JSC as a function 
of the oxidised species concentration where 10 mM oxidised species was identified as the 
optimum concentration. It further shows that, as the oxidised species increases, FF and JSC 
decrease.  
To verify the resultant j-V profile, a photovoltage decay experiment was conducted using the 
open circuit voltage decay (OCVD) method (Cameron and Peter, 2003, Zaban et al., 2003) 
wherein the cells were illuminated under 1 sun, the illumination was terminated, and the 
decay was monitored as a function of time while keeping the cell in open circuit condition. 
By monitoring the photovoltage decay of the cell, it was possible to determine which redox 
concentration combination yielded faster decay and hence faster recombination (Ehrler et al., 
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2013). Since the OCVD experiment was conducted under dark conditions, the data gathered 
represent only the recombination of the photoinjected electrons to the electrolyte (Bisquert et 
al., 2004).  Firstly, the OCVD is conducted by illuminating the QDSSC until a steady state is 
achieved, then the illumination is interrupted and the measurement commences; the OCVD 
only measures the charge recombination from the TiO2 to the oxidised species (Bisquert et 
al., 2004). The OCVD experimental result proved that the decrease in VOC shown in Figure 
8.14 was caused by faster recombination rates between the TiO2 conduction band/electrolyte 
(oxidised species) interfaces. This was supported by the faster decay of electrons at higher 
oxidised species concentrations as calculated in chapter 7 shown in Figure 7.. The measured 
VOC at 0 M was higher than the optimum concentration of 0.01 M since the photoinjection 
towards the TiO2 conduction band had pushed the Fermi level to a more negative value, and 
hence increasing its difference from the redox potential. The OCVD data show that the 
electron at the TiO2 conduction band survived longer than other QDSSCs with higher 
oxidised species concentration. The theory of band bending that applies to the DSSC 
(Gratzel, 2001),  may according to Hodes also occur in a QDSSC, but with negligible effect 
on the charge transfer since the electron flow is governed more by the energy level rather 
than band bending as in the case of DSSC (Hodes, 2008). So, the rationale behind the 
decreasing VOC (dominance of the recombination rates) as the oxidised species concentration 
increases can be attributed to the inability of the sensitiser to absorb photons. This results in 
lesser production of the oxidised hole and weakens the suppression of the recombination 
rates.  
Figure 8.14 shows the photovoltage decay profile of the cells when the reduced species 
concentration was kept constant while the oxidised species concentration was increased. The 
free electron density in the semiconductor nanostructure, n in equation (17), is affected by 
electron photogeneration (increase) and the recombination of the photogenerated electrons 
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with the oxidised species. The latter is believed to be the leading cause of recombination 
rather than recombination of the excited electron to the oxidised hole (Bisquert et al., 2002). 
It can be concluded that the VOC is greatly affected by the recombination rate (Bisquert et al., 
2002), as indeed can be observed in Figure 8.10 where the VOC decreased as the amount of 
oxidised species increased (creating a system with increased recombination probability).  
High oxidised species concentrations of 0.5 M and 0.1 M resulted in higher VOC decay at 300 
mV and 500 mV respectively, which is in agreement with the open circuit voltage result 
shown in Figure 8.10. This suggests that fewer electrons are accumulated when more 
oxidised species are available at TiO2 surface. Calculating the electron lifetimes as a function 
of VOC found that lower oxidised species concentration (0.01 M) results in longer lifetime 
and therefore higher VOC. As a side note, the resultant longer lifetime from the cell with 0 M 
oxidised species can be acceptable since only a  limited amount of oxidised species were 
produced from the oxidation of reduced species as a result of regeneration of QD oxidised 
hole. 
This exercise has identified the optimal oxidised species concentration for CdS QDSSC 
model used in the thesis to be 0.01 M. 
8.4.3 Optimised reduced and oxidised species concentration combination 
The information gathered from j-V characterisations, IPCE measurements and transient 
photocurrent and photovoltage experiments at different reduced and oxidised species 
concentrations were combined. Transient photocurrent and transient photovoltage decay 
experiments were conducted to isolate the charge transfer kinetics of electron at the interface 
of CdS QD/TiO2 and TiO2/electrolyte, respectively. Here the charge transfer kinetics at these 
interfaces were evaluated and quantified, giving rise to clear conclusions about how and why 
QDSSCs behaved at each parameter set applied. Having investigated the effect of both the 
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reduced and oxidised species concentrations on the interfacial charge transfer kinetics of the 
QDSSC and consequently identified the optimal concentrations of both species for 
application on this type of cell, the optimised cell can now be assembled and characterised. 
The oxidised species concentration needs to be minimal at 0.01 M to maintain the balance in 
the electrolyte while the reduced species concentration was to be at 0.2 M. At this 
concentration, the reduced species can sufficiently support the transport and diffusion 
towards the oxidised CdS hole thereby perpetuating the solar cell performance.  
By isolating the individual effects of the redox electrolyte’s reduced and oxidised species, we 
are able to identify the optimal reduced and oxidised species concentration combinations that 
had enhanced the overall conversion efficiency of the CdS QDSSC used in this thesis. Based 
on the series of experiments conducted, we were able to determine the optimum 
concentration combination for the redox couple electrolyte to be 0.2 KFe(CN)64- / 0.01 M 
KFe(CN)63-. Photogeneration was improved by increasing the reduced species concentration 
causing sustained regeneration of the QD oxidised hole resulting in sustained photon 
absorption hence sustained photoexcitation. An increased photoexcitation combined with 
suppressed recombination to the QD oxidised hole achieved by timely regeneration by the 
reduced species, guarantees photoinjection and hence increased JSC. Continuous 
photoinjection shifts the TiO2 Fermi level band edge to more negative hence increasing the 
distance between the Fermi level and the redox potential resulting in increased VOC. At 
increased TiO2 Fermi level recombination of the photoinjected electron in the TiO2 towards 
the oxidised species in the redox electrolyte, is suppressed. This was the result of efficient 
transport and diffusion of reduced species towards the QD oxidised hole thereby increasing 
photogeneration at the QD then photoinjection from QD to TiO2 (JSC). Meanwhile, decreased 
oxidised species concentration results in longer electron lifetime and relatively slower charge 
recombination.  Hence there is both a higher VOC and FF (Evangelista et al., 2016).  
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Figure 8.18 show the j-V and IPCE spectra of the optimised solar cell employing the 
improved protocol described above. With JSC = 3.8 mA.cm-2, VOC = 800 mV, FF = 0.66, and 
an IPCE of 55% at 400 nm, the overall conversion efficiency obtained was 2% (Evangelista 
et al., 2016). 
The substantial improvement in both the JSC and the VOC upon comparing the j-V profiles of 
the initial CdS QDSSC using an arbitrary reduced and oxidised species concentrations and 
the optimised concentration combination is evident. The suppression of the recombination 
rates has further enhanced the VOC of the CdS QDSSC, as clearly shown in Figure 8.18. 
8.5 FINDINGS 
Since the VOC is the represented by the distance between the redox potential and the TiO2 
conduction band, the close proximity of the polysulfide’s redox potential to the TiO2 
conduction band (Figure 6.6) results in lower VOC at 0.4 V as compared with 
ferrocyanide/ferricyanide electrolyte at 0.7 V (Figure 6.7). The performance of the QDSSC 
with polysulfide electrolyte was significantly lower than the cell with 
ferrocyanide/ferricyanide electrolyte. The former had reduced charge transfer resistance 
between QD conduction band and oxidised species, thereby increasing the probability of 
recombination at this interface, as manifested by the low FF result (not perfect square) the 
values of which were measured by the equipment during j-V profile measurement. 
Comparison of the j-V profiles of these two redox electrolytes has shown that the 
ferrocyanide/ferricyanide redox electrolyte was clearly preferred for the succeeding exercise 
on QDSSC performance improvement. Aside from the location of its redox potential with 
respect to the CdS QD conduction band that resulted in higher VOC, this redox electrolyte is 




The reduced species concentration was optimised by designing a set of experiments where 
the reduced species concentration was increased while the oxidised species concentration was 
held constant. The development of the j-V profile has shown that the JSC, VOC and FF 
deteriorated as the cells were deprived of reduced species since the oxidised QD could not be 
regenerated. Further increasing the reduced species concentration after reaching the optimal 
concentration at 0.2 M did not result in increased performance, so that the limit at which the 
reduced species concentration behaved optimally in the cell was identified.  
 
The IPCE profile, however, could not clearly show a clear draw a definite distinction between 
the cells i.e. the IPCE profiles are either almost similar except for the optimal reduced to 
oxidized species concentration ratios at increasing reduced species concentration exercise 
where it yielded the highest. This result was in complete contrast with the j-V profile where 
the optimal concentration ratios yielded the best profiles (highest JSC, VOC, and FF). There 
was also a disparity between the predicted JSC (taken during IPCE measurement) and the 
actual measured JSC (taken during j-V profile measurement) where the former yielded higher 
JSC at low reduced species concentrations. However, this disparity between the predicted JSC 
and actual measured JSC results was explained by the power dependence data where the low 
irradiation intensity did not lower the JSC even at low reduced species concentration. 
Conversely, the deterioration was evident at low reduced species concentration when the 
irradiation intensity was increased. The low irradiation intensity is comparable with the low 
power intensity used in monochromator during IPCE measurement hence resulting in similar 
predicted JSC on low reduced species concentrations. Similarly, the degradation of the JSC at 
low reduced species but heightened irradiation intensity corroborated the deterioration of the 
j-V profile from 0.01 M reduced species and lower. Furthermore, the j-V profile under 1 sun 
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was confirmed by the transient photocurrent experiment that was similarly conducted under 1 
sun. This exercise identified 0.2 M as the optimal concentration for reduced species. 
 
In a similar manner, the increasing oxidised species concentration exercise and aided by 
additional experimental methods described in chapter 7 employed to verify results. The j-V 
profile showed an increasing solar cell performance as the oxidised species concentration was 
decreased. Deterioration of the JSC, VOC and FF was evident as the amount of oxidised 
species was increased which was due to the photo-injected electron at the TiO2 conduction 
band in transit towards FTO collecting electrode recombining with the oxidised species. This 
increased probability of recombination was made possible by the dominant presence of the 
oxidised species in the redox electrolyte essentially decreasing the charge recombination 
resistance at this interface. The IPCE profiles in this exercise have shown the immense effect 
of the oxidised species on cell performance, where the differences between each cell’s IPCE 
performances is apparent except for the cell with nil oxidised species, which resulted in the 
highest. 
 
The open circuit voltage decay experiment has shown faster decay at higher oxidised species 
concentrations thereby proving increased recombination as manifested in the j-V profile. 
Conversely, longer lifetimes were observed at lower oxidised species concentrations which 
suggest an increased charge recombination resistance between TiO2 and electrolyte thereby 
resulting in improved j-V profile. This series of experiments have identified 0.01 M as the 
optimal oxidised species concentration for the QDSSC design used. 
 
In summary, it has been found that 0.2 M reduced species concentration and 0.01 M oxidised 
species concentration are the optimal concentrations combination to achieve the optimal 
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charge transfer kinetics in the cell. Increasing the reduced species concentration to 0.2 M 
resulted in enhanced photoinjection of electron from CdS quantum dot conduction band to 
TiO2 conduction band by efficient reduction of the QD oxidised hole resulting in increased 
photocurrent density. Consequently, the continuous photoinjection pushed the Fermi level to 
a more negative value and increased the charge recombination resistance between TiO2 
conduction band and the redox electrolyte oxidised species, resulting in a higher VOC. The 
recombination of the photoinjected electron at the TiO2 to the oxidised species was 
demonstrated to be successfully controlled by decreasing the oxidised species to 0.01 M 
resulting in improved VOC and FF. Enhancing photoinjection from the quantum dot 
conduction band to the TiO2 conduction band while reducing the recombination rates 
improved the overall performance of our solar cell from ~1% to up to 2%. The calculated 
limiting current confirms that our system using ferrocyanide/ferricyanide is charge-transfer, 
not diffusion, limited. This study has found a promising alternative redox couple for 
QDSSCs, and a method of controlling the electron injection and the recombination rates of 




9. ESTIMATION OF PHOTOCURRENT, EXCHANGE CURRENT 
DENSITY, SERIES AND SHUNT RESISTANCES, AND IDEALITY 
FACTOR 
9.1. INTRODUCTION  
The experimental investigation focusing on the interfacial charge transfer kinetics of a 
QDSSC has been presented in detail in chapter 8 as one way of improving the conversion 
efficiency of the QDSSC. Another way of improving conversion efficiency is by analysing 
the electrical mechanisms, most commonly by impedance analysis (Kern et al., 2002) based 
on an equivalent circuit of the cell using the diode model (Murayama and Mori, 2006). 
Although both ways give useful information on the behaviour of the solar cell, this chapter 
focuses on the electrical analysis of the solar cell using the diode model. A mathematical 
simulation is used to find the numerical values of input parameters in a single-diode model 
(the chosen form of diode model) that provides the best-fit to actual j-V profiles of quantum-
dot sensitised solar cells. Mathematical modelling of the j-V profile offers further 
understanding of solar cell behaviour, and may suggest ways to improve cell design and 
boost performance. Through numerical modelling, the fundamentals of photo-conversion are 
better understood and optimised, which may then help in improving cell design (Villanueva 
et al., 2009).  
The single-diode parameter fitting is applied in the present chapter only to the following solar 
cells that exhibited steady-state j-V profiles, as verified by the transient photocurrent reported 




• the CdS QDSSC at 0.2 M/0.01 M reduced/oxidised species concentration solar cell in 
dark condition 
• the CdS QDSSC with the optimal reduced/oxidised species concentration of 
0.2M/0.01M at different power intensities 
• a DSSC (using N3 dye as sensitiser) as a benchmark against which to compare the 
results obtained for the CdS QDSSC. 
The single-diode and double-diode models of photovoltaic cells are presented in section 2, 
along with the rationale for choosing the single-diode model as most suitable for the solar cell 
systems studied here.  
The interpretation of j-V profiles using the single diode model is discussed in section 9.3. 
An algorithm for the solar cell simulation based on the single diode equation is then 
formulated using the Matlab platform in section 9.4. The objective of this exercise is to find 
the values of input parameters to the single-diode model that give the best fit of the calculated 
j-V profile to the corresponding experimental profile for each of the selected steady-state 
solar cells. The flowchart of the simulation is mapped and explained while the implications of 
the results for the fitted parameters to improving cell design are discussed. Sensitivity tests 
are also reported to identify the input parameters that have the largest influence on the 
simulated j-V curves.   
9.2. DIODE MODELS OF PHOTOVOLTAIC CELLS 
9.2.1 Basic forms 
Simulation of the j-V profile of a solar cell is used in aiding design to achieve optimal 
performance. The accuracy of a simulation is significantly affected by the equations used to 
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represent the electrical behaviour of the cell (Ishaque et al., 2011). There are two commonly 
used equations used in solar cell simulation: the single- diode and double-diode equations. 
The single-diode model has three different forms (Seifi et al., 2013). In the first and simplest 
form, there is just one diode and one photocurrent source (irradiance). The second form has 
an additional parameter – the series resistance (Rs) – while the third form also has a shunt 
resistance (Rh). The third form of single diode model is used in the present chapter, for the 
reasons given later in subsection 9.3.4. 
The double-diode model has, as its name suggests, two diodes in its equivalent circuit, in 
addition to a photocurrent source, and a shunt and series resistance. 
9.2.2 Single-diode model  
The equivalent circuit of the single-diode model with shunt and series resistances is shown in 
Figure 9.1. 
 
Figure 9.1. Equivalent circuit in the single-diode model used as the basis for the 
simulation algorithm in this chapter. 
The corresponding mathematical equation relating j and V is:  
     9-1 
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where J is the fitted current, JP is the light-induced current of the cell, J0 is the exchange 
current density, RS is the series resistance, n is the ideality factor, Rh is the shunt resistance, q 
is the elementary electron charge, V is the applied bias voltage, n is the ideality factor, k is 
the Boltzmann’s constant, and T is the operating temperature of the cell. This mathematical 
model is popular due to its simplicity and  ability to  provide relatively quickly and accurately 
a j-V profile that can be fitted to experimental results by varying the five key input 
parameters: JP, J0, n, RS, and Rh (Ishaque et al., 2011), as will also be shown in the present 
chapter. 
9.2.3 Double-diode model   
The double-diode model has a second diode in the equivalent circuit to represent the 
additional exchange current density arising from the recombination losses at the depletion 
region of the cell (Ishaque et al., 2011). The equivalent circuit of the double-diode model is 
shown in Figure 9.2 below.  
 
Figure 9.2.  Equivalent circuit in the double-diode model described in this section. 
 
The basic equation in the double-diode model is shown below: 
              9-2 
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This equation is a more accurate representation of cell behaviour at low irradiance levels and 
therefore it gives a more accurate prediction of cell performance during overcast condition 
(Ishaque et al., 2011). This information is valuable for designers of solar PV cells that are 
going to be installed in areas where the sky is mostly overcast. Since the equation involves an 
additional diode expression, the simulation is more tedious and therefore needs a longer 
iteration time as compared with the single-diode equation. Ultimately, the designer will have 
to balance the need for accuracy and practicality when choosing the mathematical formula to 
be used in a simulation.  
9.2.4 The model selected 
Polman and co-workers (Polman et al., 1986) have pointed out that the main difference 
between the double- and the single-diode equations is that the former includes two diode 
exchange current densities with different exponential behaviour. For instance, the first 
exchange current density in equation 9-2 is assumed to have an ideal diode behaviour, or 
ideality factor approximately equal to 1, and is influenced by the diffusion current found in 
the neutral regions in the cell. The second exchange current density, however, has a non-ideal 
diode behaviour (n>1), which is affected by the generation and recombination currents found 
in the depletion area of the cell. The single diode equation includes only the diode exchange 
current density that accounts for the generation/recombination currents at the depletion area, 
and hence has an ideality factor not equal to 1.  
The single-diode model, shown in equation 9-1 and equivalent circuit in Figure 9.1, is applied 
in the present study to avoid unnecessary complexity while still incorporating the 
generation/recombination currents in the exponent of the diode saturation current and the 
required accuracy is met. Most importantly, the single-diode model has been found in this 
work to be capable of generating j-V curves that are acceptable fits to experimental data. A 
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limitation of the model used here is that the operating temperature is assumed to remain 
constant, while in practice this temperature may vary with the level of solar irradiance and 
ambient temperature. The influence of a varying cell operating temperature has been explored 
elsewhere by Dian’s group (Ding et al., 2012).  
The single-diode model used in this study  effectively represents an ideal QDSSC solar cell 
under illumination with the photocurrent JP in parallel with a diode and shunt resistance (Rh) 
(considered to be losses) and flowing through a series resistance (RS). As discussed in chapter 
6, the ‘dark current’ is defined as the cell’s underlying current in the absence of incident 
photons. This dark current is the result of the random generation of electrons and holes by 
charge injection from the electrodes by applied bias. In the circuit diagram in Figure 9.1, a 
dark current is simply represented by the diode and series and shunt resistances, since 
photocurrent, JP is equal to zero because the cell is not illuminated and there are no photons 
(as will be shown in the simulation result in Figure 9.5).  It is important to note that at dark 
condition (no irradiance), the current flows within the cell in the opposite direction to that 
when the cell is illuminated. Conversely, the illuminated current flows outside of the cell 
through the load. By varying the input parameters to the single-diode model to obtain the best 
fit to an experimental j-V profile for the QDSSC, estimated values for the photocurrent (JP), 
exchange current density (Zhang et al., 2008), series resistance (RS), shunt resistance (Rh) and 
the ideality factor (n) can be obtained. This information can pave the way towards better 
understanding of generation and recombination and hence towards improving the overall 
performance of the cell by design and material modifications.  
The actual j-V profile of a solar cell conveys significant information regarding the 
mechanisms of the cell, such as the photo-injection and recombination, and hence when 
properly understood and controlled can lead to dramatic improvement of the overall 
conversion efficiency. The JSC provides information on the efficiency of conversion of 
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absorbed photons into charge carriers injected into the TiO2 semiconductor in the cell. This 
repeated photo-injection causes an increase in electron density at the TiO2 thereby pushing 
the Fermi level upwards (that is, more negative). Recalling that the VOC is the potential gap 
between the redox potential and the TiO2 quasi-Fermi level, this negative shift of the quasi-
Fermi level results in an increase in VOC (Zaban et al., 2003; Gratzel, 2003). The fill factor 
(FF), or the “squareness” of the j-V profile, is a measure of the relative ease of extracting the 
photo-generated electrons from the solar cell (Qi and Wang, 2013). Ideally, after the Jsc and 
VOC have been maximised, the FF should be as close to unity as possible to achieve high 
conversion efficiency, as shown in Figure 9.2. The diode equation only extracts the five 
parameters whereas FF is a property of the experimental j-V profile.  
9.3. CURRENT-VOLTAGE PROFILE INTERPRETATION   
The current-voltage profile of solar cells provides loads of information about the kinetics and 
dynamics at the interface of the components of the solar cell. The profile shows whether the 
electrons recombine from the TiO2 with the oxidised species in the electrolyte instead of 
going through the entire circuit thus reducing the VOC. On the other, an improved short circuit 
current indicates an efficient regeneration of the oxidised QD hole by the reduced species of 
the electrolyte granted the QD sensitiser has relatively efficient absorption. A squarer current-
voltage profile means that the series resistance was kept low while the shunt resistance was 
kept at maximum. The detailed explanation about the interfacial kinetics of QDSSC can be 
found in chapter 8.    
9.3.1 Level of VOC  
The current-voltage profile of a solar cell, both under dark and illuminated conditions, 
provides important information on its behaviour. Since the VOC during illumination 
corresponds to the distance between the redox potential and the TiO2 quasi-Fermi level 
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(Gratzel, 2003), a low VOC may be an indication that the electrolyte has a redox potential that 
is too close to the Fermi level of the semiconductor. This situation was briefly demonstrated 
in chapter 6 when the j-V profiles of two QDSSCs were compared: one using polysulfide 
with a redox potential of -0.25 eV vs Ag/AgCl (Hodes et al., 1976); the other using 
ferrocyanide/ferricyanide with a redox potential of +0.26 eV vs Ag/AgCl. Choosing the latter 
electrolyte was not only expected to result in higher Voc but also in better charge transfer 
kinetics due to its higher reaction rate, as will be discussed in subsection 6.4.  
A low VOC may also indicate increased charge recombination in the solar cell. As found in 
chapter 6 for a dye-sensitised solar cell (DSSC) using the open-circuit voltage-decay 
experiment, this recombination can be between the semiconductor TiO2 and oxidised species; 
and where the increased oxidised species concentration resulted in a dramatic decrease in the 
VOC of the solar cell (Bisquert et al., 2004). The overabundance of the oxidised species in the 
electrolyte overwhelmed the regenerative function of the reduced species since the excited 
electron at the TiO2 was energetically attracted to recombine with the oxidised species rather 
than continue its journey towards the Pt counter-electrode. This scenario consequently 
resulted in the decrease in the photocurrent density due to the redox electrolyte being unable 
to regenerate the oxidised CdS quantum dot. In addition, an increase in the TiO2 Fermi level 
exacerbated by the overwhelming amount of the oxidised species in the redox electrolyte will 
eventually cause the occurrence of recombination between the excited electrons at the QD 
conduction band to the QD oxidised hole resulting in a reduced Jsc. These conditions were 
responsible for the deteriorating j-V profiles in the CdS-sensitised solar cells using 
polysulfide redox electrolyte tested and compared with the same solar cell but using 
ferrocyanide/ferricyanide redox electrolyte in chapter 6. 
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9.3.2 Regions in a j-V profile  
Generally, by close inspection of the j-V profile, we can identify three different regions as 
can be seen in Figure 9.2 which shows the j-V profile of a typical illuminated solar cell. JSC is 
the intercept on the vertical axis while the horizontal axis by V with intercept VOC. Region (a) 
is the JSC dominated part of the profile; region (b) is the transition and is highly dominated by 
the FF; while region (c) is dominated by the VOC. The JSC dominated region (a) is largely 
dictated by the shunt resistance, (b) is dependent on the ideality factor, and (c) on the series 
resistance. In brief, shunt resistance is parallel to the diode and has generally high resistance 
value, thus the leakage to the ground becomes negligible. Series resistance, on the other hand, 
represents the internal losses as the current flows in the system (Singhal et al, 2013). JP has 
been described earlier in the thesis (subsection 9.2.2), J0 is the exchange current density 
which represents the background current i.e. the current in the absence of net electrolysis and 
at zero overpotential, and thus it is the background current to which the observed net current 
at various overpotential, is normalised. J0 is greatly dependent on the nature of electrode 
including its structure and the physical parameters i.e. surface roughness. RS is the series 
resistance, which may be attributed to factors such as material defects that can increase 
internal resistance in the cell. It is desirable to minimise RS in order not to impede current 
flow in the cell, and prevent a too steep slope downwards in the VOC region. On the other 
hand, Rh needs to be maximised since it affects the sharp slope downwards in the JSC region. 
Generally, Rh is lowered by inferior material quality in electrode such that it allows for the 
recombination losses due to electron leakages at the interfaces in the cell. An illustration of 
this in the solar cell used current study is the use of dTiO2 that has suppressed the electron 
leakage to the electrolyte. In essence, the shunt resistance losses are due to manufacturing 
quality rather than solar cell design thus, it is imperative that designing a manufacturing 
process flow such that it does not allow variations in the quality of the cell. The exchange 
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current density, J0, which has an opposing effect on the light-absorption properties of the 
cell, determines the thickness of the conductive electrode during design of the solar cell, 
according to the study by Zhu’s group (2016) on DSSCs. However, unlike Zhu’s model, the 
present thesis has not studied the temperature dependence of solar cell performance.  
In essence, when the series resistance approaches the ideal minimum value, the slope of (a) 
then approaches 1, an almost horizontal line or the ideal JSC profile of a solar cell. It also 
means that the series resistance and the parasitic shunt resistance in the cell have been 
optimised, that is, the series resistance is kept at a minimum while the shunt resistance is at a 
maximum. On the other hand, at very high series resistance, the j-V curve turns down faster 
in regions (b) and (c), decreasing FF and reducing the overall conversion efficiency of the 
solar cell as shown in equation 9.3.  
Energy conversion efficiency (%) = JSC x VOC x FF  x 100                                 9 – 3 
This information from the j-V profile is important in understanding the basic mechanisms of 
the solar cell that affect its efficiency. However, this understanding is not enough to fully 
understand how the solar cell efficiency is increased or decreased. The interfacial charge 





Figure 9.2 A typical J-V profile of a solar cell scanned at AM1.5 (100 mW.cm-2) where 
region (a) is governed by shunt resistance (1 represents the slope effected by shunt 
resistance), (b) by ideality factor and (c) by series resistance (1 represents the slope 
effected by series resistance). The broken lines represent the effect of shunt and series 
resistances on the J-V profile while the arrows are the directions at which the non-
optimal resistances push a and b regions thereby skewing the “squareness” of the j-V 
profile resulting in lower FF.     
As shunt resistance decreases resulting in electron leakage in the system i.e. recombination 
losses – the arrow in Figure 9.2 pushes down the broken line at region ‘a’. On the other hand, 
as the series resistance increases, the arrow pushes the broken line to the left creating a 
slanted region ‘b’. Ultimately, these factors result in the solar cell’s j-V profile deviating from 
a ‘square’ profile, leading an FF less than 1. 
9.4. SIMULATION METHODS 
9.4.1 Procedure for finding best-fit input parameters 
A Matlab algorithm to perform the simulation based on equation 9-1 has been developed and 
written for this project to match a simulated j-V curve to a particular experimental curve. 
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Values of J for a series of V-values are calculated using equation 9-1 for sets of input values 
for JP, J0, Rs, n and Rh, with ranges set for each parameter, taken from a set matrix. The 
differences between calculated and experimental current densities (J) are calculated for each 
V value, and then squared and summed over all the V values. The set of input parameters that 
minimises this sum of squares (SSQ) is taken as the best-fit to the experimental data.  
The simulation further helped in identifying the input parameters that have the most 
significant effect on cell performance, and hence may be varied in cell design and selection of 
materials. It should be noted that JP, J0, Rs, and Rh are experimentally derived as part of j-V 
profile so these extracted parameters can be compared and investigated in future studies. 
9.4.2 Algorithm for selecting sets of input  parameters 
An algorithm was written based on the single-diode equation 9-1 and the logical flowchart 
showing the step by step process applied in this algorithm  is presented in Figure 9.3 while 
the method of systematically input of all possible trial set combinations is presented in Figure 





Figure 9.3. Logical flowchart of the Matlab software developed to find best-fit input 
parameters to match the calculated and experimental J-V curves. 
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First, the experimental values Je and V as well as the constants q = 1.602 x 10-19 C (Brus, 
1983), k = 1.38 x 10-23 J/0K (Boltzmann constant) and T = 298 K (operating temperature) 
were imported from a source file. A matrix of values within a given range together at a 
specified step interval – selected as either a linear step (for example, for JP) or a logarithmic 
step (for J0) – is generated for each input variable. The chronological order of assigning the 
trial set combinations for JP, J0, Rs, n and Rh is described in the form JP1  JPn, J01  J0n 
and so forth.  
 
Figure 9.4. The systematic procedure for selecting all combinations of the five input 
parameters from the matrix created in Matlab. 
To initialise, a first trial set is chosen i.e. JP1, J01, RS1, n1, Rh1, and the starting sum of squares 
(SSQbest) is assigned a large value, i.e. 5000. The algorithm calculates the SSQ for the first 
set of inputs, and compares this with the initial SSQbest (500). SSQ < SSQbest, so SSQbest 
is replaced by the lower value obtained, and the algorithm proceeds to the next trial set of 
inputs: JP2, J01, RS1, n1, Rh1.  The SSQ for this second set is calculated, compared with the 
current SSQbest, and if lower the second set of inputs is recorded as Trialbest, and SSQbest is 
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replaced by the lower value just obtained. This procedure is repeated sequentially, using the 
“for-loop” function in Matlab, for all the combinations of input values (Figure 9-4), with each 
set that gives a lower SSQ being recorded as SSQ best and Trialbest. At the end of this 
process, the set of inputs in Trialbest that gave the lowest SSQbest is the best-fit set for these 
input parameters will have been recorded. The algorithm then extracts these parameters and 
plots the calculated J-V curve on the same axes as the experimental J-V curve. The full 
Matlab algorithm developed and used can be found in Appendix 1 of this thesis. 
9.4.3 Sensitivity testing 
Another algorithm was written to test the sensitivity of SSQ to varying the best-fit set of input  
parameters (Trialset) one at a time by ±1%, other parameters staying the same: that is, JP1 → 
0.99*JP; and JP2= 1.01*JP, and so on.  
The changes in SSQ for the upper and lower levels of each of the five parameters were 
calculated and plotted. The best-fit set of input parameters is thus most sensitive to the 
parameter that gave the largest change in SSQ for a ±1% change in its value.  The sensitivity 
test algorithm can be found in Appendix 2. 
9.5. ANALYSIS OF FITTED j-V PROFILES  
The conditions of the QDSSCs that were simulated were those under dark condition (no 
illumination), cells irradiated at different irradiation intensities, and the DSSC. The 
succeeding subsections discuss the results of these simulations. 
9.5.1 Dark j-V simulation of a QDSSC at optimal concentration ratio 
Using the single-diode equation to calculate and compare the theoretical j with the 
experimental j has been used before in solar cell studies, especially in dye-sensitised solar 
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cells (Shuttle et al., 2010; Schilinsky et al., 2004). Although the overall performance of the 
solar cell is based upon photon to electricity conversion, it is also important to study the 
cell’s, which largely shows the cell’s ideal diode behaviour.  
In this subsection, the best-fit set of input parameters in a single-diode model is found using 
the algorithm that was described earlier to match a dark j-V profile obtained experimentally 
in the present study for a CdS QDSSC at 0.2 M/0.01 M reduced/oxidised species 
concentration. In this case, since the cell was evaluated without irradiation, JP becomes zero. 
Both the experimental dark j-V profile for this cell and the corresponding best-fit curve 
obtained using the algorithm is shown in Figure 9-5. 
 
Figure 9.5. Fitting of the dark j-V profile of a CdS QDSSC at 0.2 M/0.01 M reduced and 
oxidised species concentration combination. The cells were evaluated in the absence of 
irradiation thus represents the cell’s true profile since there are no losses due to 
recombination of photo-generated electrons. Y-axis represents the photocurrent, 




As this is a dark j-V profile – that is, no irradiation incident on the cell – so JP is zero. The 
other best-fit values obtained were 170 Ω for series resistance, 1.6 for ideality factor, 200 KΩ 
for shunt resistance, and 1.83x10-8 mA/cm2 for exchange current density.  
As a point of comparison, Tachibana et al. (2008) conducted a dark-current J-V profile fitting 
on the same cell model (CdS QDSSC) except that the electrolyte concentration was different 
(0.1 M/0.1M reduced/oxidised species concentration ratio). The present profile fitting yielded 
an increase in series resistance by two orders of magnitude, while the ideality factor was 
more than halved from 3.3 to 1.6, compared to Tachibana et al.’s (2008) results. On the other 
hand, the shunt resistance in the present results has increased by two orders of magnitude 
compared to Tachibana group’s result. Lastly, the exchange current density in the current 
study is lower by one order of magnitude compared to the previous study. The first of the two 
differences between the previous and current studies is the number of sprays of dense TiO2 
(dTiO2) where the current study employed 10 cycles while the previous study employed 35 
cycles. Secondly, the reduced and oxidised species concentration combination is 0.2 M/0.01 
M and 0.1 m/0.1 M, respectively. Of these two factors, the main cause of difference in the 
extracted parameters could be the reduced and oxidised species concentration combination 
since the electrolyte controls the charge transfer in the cell as was found in chapter 8. These 
charge transfer dynamics are demonstrated through the j-V profile of the cells where the 
optimal concentration combination in the current study has improved both the ideality factor 
and shunt resistance.  Correlating this result with the sensitivity test that found the ideality 
factor and shunt resistance to be the two extracted parameters that are sensitive to small 
fluctuations, it can be deduced that this is the reason why the overall performance has 
doubled in the current study since these two extracted parameters have improved in the 
current study. On the other hand, the effect of the number of dTiO2 spray cycles on the cells 
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are negligible although the current study is more than three times less spray cycles than the 
previous study since the main function of the dTiO2 is to suppress the electron leakage from 
FTO to the electrolyte (Tachibana et al., 2008) which was proven in this study that 10 spray 
cycles are sufficient enough to suppress this leakage by exhibiting a diode behaviour.  
The dark profile shown in  
Figure 9.5 represents the j-V profile without the interference of light and therefore behaves as 
a diode. Ideally, the illuminated j-V profile of a solar cell should just be the dark j-V profile 
moved upwards by the effect of the photocurrent without the change in the shape of FF. 
However, this does not happen in reality since there are other factors contributing to the 
deviation of the illuminated j-V profile from the original diode behaviour of the cell observed 
from the dark j-V profile.   
9.5.2 j-V simulation of a QDSSC at different irradiation intensity  
It is also important to investigate the j-V profiles of QDSSCs when subjected to different 
levels of irradiation intensity. Experimental j-V profiles for a CdS QDSSC at different 
irradiation intensities (0.09, 0.2, 0.3, 0.4, 0.5, 0.67, 1, 1.2 and 1.3 equivalent suns) using 
0.2M/0.01M reduced/oxidised species concentration combination obtained in the present 
study are shown in Figure 9.6 and presented as the smoothed continuous lines. The linear 
dependence of both the JSC of the solar cell on the irradiation intensities with the optimal 
reduced species concentration of 0.2 M was maintained from the lowest to the highest 
irradiation intensity, as discussed before in subsection 8.3.1. 
At lower than 0.2M reduced species concentration the j-V profile at different irradiance 
intensities showed deterioration over time, and hence were not steady-state profiles. Thus 
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only the QDSSCS with optimum reduced/oxidised species concentration ratio are used in the 
mathematical modelling exercise to find best-fit values for the input parameters, 
The best-fit calculated J-V profiles at different power intensities for the CdS QDSSC using 
0.2M/0.01M reduced/oxidised species concentration obtained using the algorithm are also 
shown in Figure 9-8. The simulation resulted in an almost perfect fit for irradiation intensities 
between 0.67 to 1.3 equivalent suns, while the fitted curves can be observed to have a slight 
deviation from the experimental curves below 0.67 power intensity.  
It is interesting to compare the best-fit values obtained here for a QDSSC with those found by 
Schilinsky and co-workers (Schilinsky et al., 2004) through mathematical modelling a bulk 
heterojunction solar cell under different light intensities using a modified single-diode model. 
At similar light intensities, the QDSSC’s series resistance is higher by one order of 
magnitude, while the ideality factor is higher by 16%, and the exchange current density 
higher by two orders of magnitude, compared to the corresponding values for the bulk 
heterojunction cell. All these extracted values confirm that, indeed, the CdS QDSSC used in 
this thesis (with an overall energy conversion efficiency of 1.15%) has much lower 
performance compared to the bulk heterojunction cell with a 3.17% conversion efficiency 




Figure 9.6. j-V simulation at different power intensity for 0.2 M/0.01 M 
reduced/oxidised species concentration. Solid lines represent the experimental data 
(smoothed) while the dotted lines represent the fitted j-V curves at different irradiation 
intensities expressed as equivalent suns.  
The best-fit parameters are summarised in  
Table 9.. The extracted JP corresponded with the irradiation intensities lower than 1equivalent 
sun while the extracted JP from the cells applied with more than 1 equivalent sun i.e. 1.2 to 
1.3 equivalent suns resulted in higher value using the cell evaluated at 1 equivalent sun at 
2.30 mA/cm2 as reference. For example, at 0.09 equivalent sun, the extracted JP is 8 % of the 
extracted JP of 1 equivalent sun, 20% at 0.20 equivalent sun, 26% at 0.30 equivalent, 43% at 
0.45 equivalent sun, 65% at 0.67 equivalent sun, 133% at 1.20 equivalent sun, and 137% at 
1.30 equivalent suns. Meanwhile, the extracted RS did not show an explicit trend with the 
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extracted values ranging from 45 ohms (1.30 equivalent sun) to 70 ohms (1 equivalent sun), 
the same with the extracted ideality factor, n (1.5 at 0.20 equivalent sun to 2.4 at 1.30 
equivalent sun) ; extracted shunt resistance,  Rh (11 k-ohms at 1.20 equivalent suns to 80 k-
ohms at 1.30 equivalent suns); and extracted exchange current density, J0 (6.16 x 10-9 at 0.20 
equivalent suns to 1.18 x 10-5 at 1.30 equivalent suns). Meanwhile, the SSQbest all resulted 
to similar values of E-01 except at 0.67 equivalent sun at E-02 range.  
Parameters 
Irradiance intensity (equivalent suns) 
0.09 0.20 0.30 0.45 0.67 1.00 1.20 1.30 
JP 0.18 0.45 0.6 1 1.5 2.3 3.05 3.15 
RS 65 65 60 65 55 70 60 45 
n 2.3 1.5 1.6 1.8 1.82 2.1 2.1 2.4 
Rh 40000 14000 50000 45000 50000 50000 11000 80000 



























Table 9.1. Summary of fitted parameters for the CdS QDSSC with optimal redox 
concentration ratio (0.2M/0.01 M) at different irradiation intensities.  
Figure 9.7  shows an almost linear relationship between the exchange current density with 




Figure 9.7. Relationship between J0 and irradiation intensity 
As has been found in actual experimental results on the performance of the QDSSC (Figure 
8.9), the fitting simulation also shows a linear relationship between irradiation intensity and 




Figure 9.8 Relationship of photocurrent, JP, to irradiation intensity. 
The relationship between the ideality factor (n) and irradiation intensity for this QDSSC with 
the optimum redox electrolyte concentration combination is presented in Figure 9.9. The 
average value of n was 1.95 with a steady increase from low to high irradiation intensity. The 
solar cells closely follows the ideal diode equation when irradiated with very low irradiation 
intensity (<10%) with the ideality factor at <1.3. This result suggests that recombination is 
kept at minimum when irradiation is at low. The ideality factor stays below 2 when the 
irradiation intensity is kept at below 70% which means that the recombination has increased. 
However, as the irradiation intensity to the cells is further increased i.e. >100%, the ideality 
factor deteriorates to >2 which means that the recombination at the interfaces are extensive. 
This indicates that as the photoinjection from QD conduction band to TiO2 conduction band -
creating photocurrent - increases as confirmed by high photocurrent as shown in Figure 9.8, 
the electrons do not get to complete the journey towards the counter-electrode but rather 
recombines with the oxidised species of the electrolyte. This dynamics kept the process of 
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photo-injection as the irradiation intensity is further increased thus photocurrent continued to 
increase. 
The higher the ideality factor is above 1, the lower the cell performance, so it is desirable to 
keep n low. The increased ideality factor at higher irradiation intensities starting at 1 
equivalent sun suggests that the normal function of the cell at full sun shows that the 
regeneration and recombination are not optimal on the surface of the cell that may be 
attributed to the properties of the assembled cell such as electrode, sensitiser, electrolyte, etc.   
 
Figure 9.9. Relationship of ideality factor and irradiation intensity. 
The relationship between the best-fit value of shunt resistance and irradiation intensity is 
shown in Figure 9.10 for the QDSSC with an optimum redox electrolyte concentration 
combination.  The shunt resistance generally increased from 40 kΩ – 80 kΩ as the irradiation 
intensity is increased, except for two much lower values of just under 15 kΩ that are outliers 
to this trend. This may be due to a limitation of the algorithm since an overflow code on 





Figure 9.10. Relationship between the shunt resistance and irradiation intensity 
The best-fit values for the series resistance generally fell with increasing irradiation intensity, 
with an average value of just over 60 Ω. This relatively low value suggests that, at the 
optimum redox electrolyte concentration combination, the QDSSC is efficiently generating 
electrons while the recombination is being suppressed. To further improve the overall 
conversion efficiency of the cell, the series resistance must be decreased, preferably by one 





Figure 9.11. Relationship between series resistance and irradiation intensity applied on 
the solar cell. 
The irradiation intensity should not have an adverse effect on the solar cell as long as the cell 
is at optimum condition. Therefore, the cell that exhibits deterioration in the j-V profile 
conveys inefficient regeneration and/or increased recombination in the cell. The irradiation 
intensity dependency test thus screens the reduced and oxidised species concentration 
combination that remains stable or shows a steady-state profile during irradiation.  
As a check of the robustness of these conclusions, the dependence of the closeness of the fit 
between experimental and simulated j-V curves to small changes in the input parameters has 
also been examined for the QDSSCs with the optimal reduced and oxidised species 
concentration ratio of 200 mM/10 mM when subjected to different levels of irradiation 
intensity. The results from this sensitivity testing, performed using the procedure described in 
subsection 9.4.3, are presented in Figure 9-15. The effects on the degree of fit (delta SSQ) of 
increasing by 1% (left point on the graph) and reducing by 1% (right point) each fitting 






Delta SSQ at ± 1% on the fitting parameters at 1.2 sun 









Figure 9.12. Sensitivity tests on 1.3 (A), 1.2 (B), and 1.0 (C) irradiation intensities at ± 
1% change on the fitting parameters for QDSSCs at 200/10 mM concentration ratios. 
It can be observed that, regardless of the irradiation intensities: 
• there is a significant departure from the best fit when the ideality factor is changed by 
± 1%.  
• there is a significant departure from the best fit when the shunt resistance is reduced 
by 1% (-1%) but little change when it is increased by 1% (+1%).   
• the rest of the parameters such as JP, J0, and RS did not show sensitivity to the 
increase/decrease by 1% of the original extracted parameters as can be observed in 
Figure 9.15. This means that the tolerances on these parameters can be loosen during 
design phase of the solar cell. 
These findings indicate priorities for achieving improved performance of QDSSCs, since 
clearly it is best to focus on changing the parameters that have the greatest impact on the J-V 





curve, namely the ideality factor, shunt resistance, series resistance, exchange current density, 
and internal photocurrent. Clearly, however, the costs of achieving these gains in 
performance by using higher-performing but more expensive materials will need to be 
weighed against the economic benefits of the gains. 
9.5.3 j-V simulation: DSSC vs QDSSC 
To gain further perspective on the fitted parameters for the QDSSC with optimal redox 
concentration, a J-V profile obtained experimentally for a DSSC using N3 as dye by the 
author will now be used as a benchmark. The DSSC has a higher conversion efficiency 
compared to the QDSSC, so that its fitted input parameters (JP, J0, RS, n and Rh) provide an 
indication of improvements needed in the QDSSC. 
Figure 9.13 shows the best fit of the simulated J-V profile to the actual experimental profile 
of the DSSC. The resultant series resistance is 30 Ω, while the parasitic shunt resistance is 7 




Figure 9.13 Best J-V fit of an N3-sensitised solar cell using Matlab simulation resulting 
to JP = 12.5, RS = 30, n = 1.45, Rh = 7000 and J0 = 2.3357 x 10-8. The x-axis represents 
the VOC while the y-axis represents the Jsc.  
Figure 9.2 compares the best-fit parameters obtained for the QDSSC and DSSC.  JP for the 
DSSC is more than five times that for the QDSSC, while RS for the DSSC is less than half 
that for the QDSSC. The ideality factor for the QDSSC (2.1) is almost 1.5 times that of the 
DSSC (1.45). On the other hand, the shunt resistance for the QDSSC is more than seven 
times that of the DSSC, while the exchange current density of the QDSSC is two orders of 
magnitude higher than that of the DSSC.    
Fitting parameter QDSSC DSSC QDSSC parameter/ DSSC parameter 
JP 2.30 12.5 0.184 
RS 70 30 2.33 
N 2.1 1.45 1.45 
Rh 50000 7000 7.14 
J0 2.68E-06 2.34E-08 115 



















The much higher JP for the DSSC implies efficient photo injection of the converted absorbed 
photon by the organic dyes. This can be attributed more to the enhanced interfacial charge 
transfer kinetics at the DSSC than the photon absorption capacity of the dyes. The charge 
transport at the DSSC has been found to be at the order of ps (Green et al., 2005) while the 
QDSSC is at ns domain. In addition, quantum dots are considered to have higher extinction 
coefficient (Cademartiri et al., 2006) than the organic dyes hence photon absorption should 
be higher at the former. Clearly, the enhancement of the interfacial charge transfer kinetics 
and dynamics in the QDSSC will greatly improve its overall performance.  
The lower RS for the DSSC compared with QDSSC could represent the greater homogeneity 
of sensitisers in the former as compared with the latter. Since RS reflects the ease with which 
the electron crosses the interfaces i.e. electron injection. The extracted RS difference of 
almost 2.5x with the DSSC having lower resistance at 30 Ω over QDSSC at 70 Ω thus 
resulting to higher electron injection. Meanwhile, the higher extracted Rh could be directly 
correlated with the higher recombination losses from the TiO2 conduction band to the redox 
electrolyte known as electron leakage. However, in the case of DSSC’s Rh being lower than 
that QDSSC’s, it can be deduced that the DSSC Rh is already close to the optimal value as 
supported by the extracted ideality factor where DSSC’s is closer to the ideal n of 1.0 at 1.45 
as compared with the QDSSC’s at 2.1. The very high Rh in QDSSC could be attributed to the 
algorithm’s limitation i.e. the absence of a code to prevent overflow during iteration. These 
two resistances will then “push” the regions described in Figure 9.2 thereby affecting the 
slope 1 & 2 and ultimately, the “squareness” of the j-V profile. 
.The ideality factor, n, for the DSSC is closer to unity than for the QDSSC, so the j-V profile 
of the former is closer to a square shape than the latter, and hence the DSSC performed 
better. Meanwhile, the Rh for the QDSSC is much higher than for the DSSC, again leading to 
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reduced performance of the QDSSC. The much higher J0 for the QDSSC by two orders of 
magnitude is a further negative feature contributing to its inferior performance.   
 
Figure 9.14. j-V profile fitting of optimised QDSSC at 200 mM/10 mM  
reduced/oxidised species concentration irradiated at 1 equivalent sun. X-axis represents 
the VOC while the y-axis represents the Jsc. 
In summary, while these two types of liquid-junction sensitised solar cells function in a 
similar manner, the difference in the sensitiser used has resulted in entirely different 
dynamics and kinetics at the interfaces of the solar cell.  Hence a different optimal redox 
electrolyte has had to be used and ultimately, the optimal reduced and oxidised species 
concentration ratio has had to be identified in order to optimise the overall performance. 
Despite advancement in the study of the QDSSCs, the models used in the current study still 
resulted in a major disparity in their overall conversion efficiencies paving the way for areas 




9.6. CONCLUSIONS   
The j-V profile fitting for the steady-state solar cell cases performed in this chapter has 
confirmed the validity of the use of the single-diode equation for this purpose. In the case of 
the dark j-V profile for a CdS QDSSC at the optimal 0.2 M/0.01 M reduced/oxidised species 
concentration, it was found that at zero irradiation, the solar cell at optimal concentration 
ratio results in a slightly better ideality factor at 1.6 as compared to 2.1 when the same solar 
cell was illuminated with 1 equivalent sun. The QDSSC should, technically, be able to 
maintain this value during irradiation, leading to a better yield in photon conversion to 
current. The factors that led to the deterioration of the ideality factor and hence the overall 
conversion efficiency of the QDSSC may indicate how to improve the design of future solar 
cells.  The extracted exchange current density under irradiation for the QDSSC is similar to 
that for the DSSC under dark conditions. Both the extracted ideality factor and the exchange 
current density for the QDSSC in dark condition indicate that their deterioration occurs 
during the irradiation process. This is likely due to material defects in the sensitiser, and 
resistances and recombination losses. Such defects and losses need to be reduced in order to 
improve the overall conversion efficiency of the QDSSC.   
 
For the same CdS QDSSC at higher irradiation intensities, the series resistance and both the 
photocurrent JP and shunt resistance increased. All these relationships resulted in higher 
conversion efficiency as the irradiation intensity was increased. The exchange current 
density, J0, on the other hand, was not strongly affected by the irradiation intensity, and 
would thus appear to be an inherent property of the materials used in the QDSSC. 
It should be noted that the ideality factor deteriorated as the irradiation intensity was 
increased. Aligning this relationship with that of photocurrent’s, it can be deduced that photo-
injection from QD conduction band to TiO2 conduction band resulting to photocurrent was 
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sustained by the recombination of the electron from the TiO2 conduction band to the oxidised 
species of the redox electrolyte. This, thereby, perpetuate the reduction of the QD oxidised 
hole making it available for excitation by the absorbed photon. However, since the excited 
electron has to complete its journey towards the counter-electrode, the earlier recombination 
resulted to an increase in the ideality factor. The next stage of study should focus on how to 
rectify the recombination at higher irradiation intensity in order to fully take advantage of the 
efficient photon absorption and subsequent photo-injection.  
 
The sensitivity testing conducted for the CdS QDSSC at the optimal reduced/oxidised species 
concentration revealed that the closeness of the fit to the experimental J-V curves was 
significantly affected by a change of only a ±1% in the ideality factor and shunt resistance. 
The strong effect on cell performance of these parameters is probably due to the fact that the 
recombination rates are affected by the shunt resistance, and poor regeneration of the 
oxidised holes and oxidised species, which collectively raise the ideality factor well above the 
ideal value of 1.  These observations are in agreement with the experimental results reported 
in chapter 8.   
It was further found that the series resistance for the CdS QDSSC with optimal redox 
concentrations was still more than twice that of a DSSC used as a benchmark, while the shunt 
resistance was one order of magnitude higher for the QDSSC. The ideality factor was 30% 
higher for the QDSSC while the exchange current density was two orders of magnitude 
higher compared to the DSSC. The photocurrent, JP, for the DSSC was more than five times 
higher than that for the QDSSC. These differences in the best-fit parameters for the two types 
of solar cell explain why the conversion efficiency of the DSSC was three times higher than 
that for the QDSSC.  
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The pointers towards improving the performance of QDSSCs that emerge from this analysis 
are the following: 
• improving the design of the sensitiser to increase photocurrent by absorbing as many 
photons as possible  
• addressing the causes of high series resistance, which is mainly determined by the 
materials used, and the contacts and compatibilities between each component 
• lowering the ideality factor to nearer unity  by suppressing recombination rates at the 
interfaces within the cell, with the focus on electrolytes, sensitiser, counter-electrode, 
and possibly the rest of the components as they all need to complement each other  




10. CONCLUSIONS AND RECOMMENDATIONS 
10.1. INTRODUCTION  
This thesis has focused on the study of the interfacial charge transfer kinetics of the QDSSC 
with the purpose of understanding the behaviour of the electrons during solar cell activity. 
This understanding of the electronic behaviour is aimed at finding ways to improve the 
overall performance of the QDSSC. This thesis first tackled the main component of the 
QDSSC – the quantum dots. Quantum dot synthesis, size-engineering and characterisation 
were reported in chapter 4. The author conducted syntheses of another type of quantum dot to 
perform size-engineering and ageing tests, and to find the simplest and cheapest way of 
handling the quantum dots without compromising their quality. The assembly and 
characterisation of the QDSSC, specifically investigating the interfacial charge transfer 
kinetics of the cell, were then considered. The analyses of the results of these experiments 
were discussed in chapter 6, with highlighting of the role of the redox electrolyte in the 
interfacial charge transfer kinetics of the solar cell. The effects on solar cell behaviour of 
both: the reduced and oxidised species of the redox electrolyte were investigated. It was 
shown that these species strongly affect performance: increased reduced species 
concentration generally boosted performance, while increased oxidised species concentration 
inhibited performance. To further understand the factors affecting the solar cell performance, 
a Matlab algorithm based on the single diode equation was written and was used to find a j-V 
profile that best fitted the actual experimental j-V profile.  Five fitting parameters based on 
the diode equation were extracted, and the extent of their effects on the solar cell performance 
were then analysed. The solar cell simulation exercise was discussed in chapter 9.   
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The completion of this thesis has arrived at answers to the research questions posed at the 
beginning. The succeeding subsections present these answers. 
10.2.   ANSWERS TO RESEARCH QUESTIONS 
10.2.1 What are the alternative ways of controlling and handling QDs and how do they 
age based on these handling conditions? 
This study has shown that size engineering of QDs can be controlled by either the precursor 
concentration or injection temperature, so that, if desired, only one parameter needs to be 
modified. By contrast, previous studies asserted that both the precursor concentration and 
temperature should be varied simultaneously to control dot size. The benefit of the new 
finding is that dots of different sizes can be produced from one batch of precursor with a 
single concentration simply by varying the injection temperature. This capability is 
particularly useful when mass production of dots with different sizes is required at the same 
time. This is method is particularly beneficial when the precursor/chemical cost is exorbitant. 
An additional benefit is a streamlined process where the chemical solution is only separated 
closer to the end of reaction to segregate the batches based on its injection temperature.   
Conversely, increasing the injection temperature may be more suitable if the material cost is 
more expensive than the cost of energy to manufacture the quantum dots. The experiments 
conducted here have shown that, when the injection temperature was increased from 110 OC 
to 140 OC at the same precursor concentration, there was a 200 nm increase in peak exciton 
wavelength, i.e. from 1200 nm to 1400 nm. Hence, injection temperature is effective in 
increasing the exciton peak wavelength when increasing the precursor concentration is 
expensive  
The ageing experiments conducted on the synthesised quantum dot have shown that the dots 
with peak exciton wavelength from 650 nm to 850 nm tend to move with age towards the red 
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region, i.e., they grow larger. On the other hand, those QDs with peak exciton wavelength of 
950 nm to 1600 nm shifted to the blue, with the shift increasing as peak exciton wavelength 
becomes shorter. The QDs with peak exciton wavelength between 850 nm and 950 nm tend 
to be stable without shifting either to the blue or red region after 45-75 days of ageing. Hence 
QDs with peak exciton wavelengths in this range can be used in applications/investigations 
requiring absorption spectra over a relatively long period with their diameter staying constant 
throughout this period. The QDs with peak exciton wavelength above 950 nm shifted this 
wavelength to the blue domain by 120 nm after 75 days of ageing. Hence the size centering – 
the process by which the dots continue to change in size (as manifested by the shift in its 
absorption spectrum) after synthesis - of the QDs continued at least until 75 days after 
termination of the synthesis.  
It was found out that air drying the QDs has resulted in stopped size centering, while keeping 
the dots in solvent and air has allowed size centering to proceed and yield in blue shift of its 
absorption wavelength.  
Lastly, the present work has found alternative ways of storing the quantum dots. For 
example, drying the QDs before they reached their final size slowed down the shifting of the 
peak exciton wavelength but will not terminate it altogether. However, drying the QD after 
size centering or Ostwald ripening has been completed will render the absorption spectra 
stable. This finding offers a cheaper and more practical way of handling the QDs when they 
have to be transported to another location. In addition, this exercise found that one time 
bubbling in Nitrogen of QD’s is sufficient and the dots will remain stable even after drying 
and/or keeping in air and in dark. 
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10.2.2 How does ferrocyanide (reduced species) concentration affect the interfacial 
charge transfer dynamics in a CdS QDSSC? 
Gradually increasing ferrocyanide concentration while evaluating the cells at 1 sun equivalent 
(100mW-cm-2), resulted in improved JSC, FF and VOC of the cell thereby increasing the 
overall conversion efficiency. This means that, at increased ferrocyanide (reduced species) 
concentration (>10-2 M), sufficient reduced species is available to regenerate the QD-oxidised 
hole relatively fast enough to support electron generation and prevent oxidation/deterioration 
of the QD sensitiser. At low concentration, i.e. <10-2 M, FF and VOC evidently deteriorated 
suggesting that this concentration is unable to support regeneration of the cell so that 
recombination pathways are favoured (Figure 8.2). Meanwhile, JSC, FF, and VOC all 
completely deteriorated in the absence of reduced species in the electrolyte. Meanwhile, 
evaluation of the cells using weaker light intensity during IPCE measurements has shown that 
IPCE is independent of the reduced species concentration (even in the absence of it), as 
evident in the IPCE spectra shown in Figure 8.7. Comparing the short circuit current density 
at higher vs lower irradiation intensity shows that the latter did not influence the short circuit 
current density regardless of reduced species concentration, as shown in Figure 8.7. This 
suggests that, at higher irradiation intensity, lower reduced species concentration is unable to 
support regeneration of QD-oxidised holes resulting in very low current density, whereas 
current density remained almost constant regardless of reduced species concentration when 
the incident light intensity was weaker.  
To test this hypothesis, cell performance at varying irradiation intensity was investigated. 
Figure 8.9 shows that only at the optimal reduced species concentration of 0.2 M was there a 
linear increase in short circuit current density with irradiance, which suggests the possibility 
of even higher cell performance with a solar concentrator. On the other hand, the short circuit 
current density remained linear until about 0.25 sun equivalent for all reduced species 
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concentration including 0 M. Further increasing irradiation intensity resulted in current 
density deterioration proportional to the reduced species concentration.  
Transient photocurrent (Figure 8.8) measured at 1 sun equivalent irradiation at short circuit 
condition reiterated the finding that only the cells with ≥ 0.1M reduced species concentration 
showed constant photocurrent during illumination, while the cells with ≤ 10-2 M showed 
gradual decay (Figure 8.2). This deterioration in photocurrent density at 1 sun irradiation 
suggests that reduced species concentration of ≤ 10-2 M results in insufficient electrons at the 
electrolyte necessary to regenerate the QD-oxidised hole. However, the transient photocurrent 
profile showed independence from reduced species concentration when applied with 
monochromatic light (470 nm wavelength) at +0.2 V applied bias. Figure 8.6 shows that 
reduced species concentration will only affect the photocurrent density of the cells when 
irradiated at 1 sun equivalent, but not when illuminated with weaker light intensity, i.e. 
monochromatic light of lower intensity. 
Theoretical calculation of the anodic limiting current density has shown that ferrocyanide 
(reduced species) concentration is the limiting factor for the anodic current density when the 
concentration is below 0.2 M at fixed oxidised species concentration of 0.01 M. However, 
once the reduced species concentration becomes ≥ 0.2 M, the anodic current density starts to 
become limited by the oxidised species concentration (0.01 M). In this case, the theoretical 
anodic limiting current density was calculated at 5.6 ~ 5.8 mA/cm2, which is relatively high 
for a CdS QDSSC. 
Under practical operating conditions such as 1 sun equivalent irradiation, reduced species 
concentration must be maintained at ≥ 0.2 M in order to provide sufficient electron transport 
to regenerate the QD-oxidised hole.  
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10.2.3 How does the ferricyanide (reduced species) concentration affect the interfacial 
charge transfer dynamics in a CdS QDSSC? 
Ferricyanide (oxidised species) concentration was gradually increased from an electrolyte 
without oxidised species (0 M) to a very high concentration of 0.5 M to investigate the effect 
of the oxidised species concentration on the performance of the CdS QDSSC. The cell’s JSC 
were almost of the same value (slightly lower than the optimal value) from 0 M oxidised 
species concentration then increased upon reaching the optimal concentration of 0.01 M 
where the maximum JSC was attained. It then markedly decreased as the oxidised species 
concentration was further increased (beyond the optimal concentration of 0.01 M) due to the 
high oxidised species concentration limiting the transport and supply of electrons towards the 
QD-oxidised hole. On the other hand, FF decreased steadily when the oxidised species 
concentration was decreased below 0.01 M, which suggests depletion of oxidised species that 
resulted in accumulation of electrons at the counter-electrode and hence promotion of charge 
recombination. Unwanted recombination thus lowers VOC in the absence of oxidised species. 
Conversely, when the oxidised species concentration was increased up to 0.5 M, both the JSC 
and FF markedly decreased.  The decrease of JSC is attributed to the charge recombination 
between the TiO2 and oxidised species interface.  
The highest IPCE was observed at the lowest oxidised species concentration (zero) and 
gradually decrease as the oxidised species concentration was increased. The difference 
between photocurrent during IPCE measurement and 1 sun irradiation at 0 M oxidised 
species could be attributed to weaker light intensity from the monochromator used during 
IPCE measurement. This finding was clarified by measuring the photovoltage decay of the 
cells by illuminating them with 1 sun equivalent irradiation, then terminating the light, and 
measured the photovoltage decay. Since the photovoltage decay is determined by the 
recombination between the TiO2 and oxidised species interface, it was observed that the 
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photovoltage decayed faster as the oxidised species concentration was increased. Estimation 
of electron lifetimes as a function of VOC found that shorter electron lifetimes were observed 
at high oxidised species concentration, which supports the earlier observation about increased 
recombination at increased oxidised species concentration.  
10.2.4 What are the optimal reduced and oxidised species concentrations in a 
ferrocyanide/ferricyanide electrolyte to maximise the performance of a CdS 
QDSSC? 
The optimal reduced and oxidised species concentrations in a ferrocyanide/ferricyanide 
electrolyte are 0.2 M/ 0.01 M respectively to achieve the maximum conversion efficiency of 
2.0 % in the CdS QDSSC tested in this thesis. The interfacial charge transfer kinetics were 
successfully controlled using this combination resulting in increased photoinjection at the 
QD-TiO2 interface by efficient regeneration of the oxidised QD, and suppressed 
recombination at the QD–electrolyte and TiO2–electrolyte interfaces. Continuous 
regeneration of oxidised holes ensured continuous functioning of the cell and thus optimum 
conversion efficiency. 
In addition, the interfacial charge transfer kinetics of the QDSSC based on aqueous 
ferrocyanide/ferricyanide redox electrolyte was successfully controlled by careful adjustment 
of the concentration ratio between the reduced and oxidised species concentrations. Reduced 
species need to be at least 0.2 M while the oxidised species need to be not more than 0.01 M 
in order to achieve optimum interfacial charge transfer kinetics. At this concentration ratio, 
efficient reduction of the oxidised QD was achieved resulting in increased photoinjection as 
demonstrated by increased photocurrent, JSC at 3.8 mA.cm-2. Increased photoinjection further 
pushes the Fermi level away from the redox potential thereby increasing the open circuit 
voltage, VOC reaching the theoretical maximum VOC of 0.8 V. Timely regeneration of the 
oxidised species, on the other hand, has dramatically reduced the possibility of recombination 
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at the QD- or TiO2- electrolyte (oxidised species) interfaces as can be seen at the increased in 
FF. The combination of increased JSC, VOC, and FF then resulted to increased conversion 
efficiency of 2.0%. Based on the j-V curve of the optimised solar cell, the VOC is already 
closed to the maximum attainable open circuit voltage at this setup. However; photocurrent, 
series and shunt resistances can still be improved – reduced and increased, respectively; so as 
to further improve the conversion efficiency. 
10.2.5 Which parameters in the diode model of the CdS QDSSC cell have the most 
influence on cell performance with this redox electrolyte? 
The sensitivity tests conducted on the extracted parameters based on the mathematical 
simulation using the single diode equation (chapter 9) identified the ideality factor (n) and the 
shunt resistance (Rh) as having the most influence on the curve fitting for small variations of 
±1%. Hence these parameters have the largest impact on the performance of the QDSSCs.  
10.2.6 To what extent does a ferrocyanide/ferricyanide electrolyte with optimised 
concentrations improve the overall QDSSC performance? 
The optimised ferrocyanide/ferricyanide concentration ratio of 0.2 M/0.01 M improved the 
conversion efficiency from 1.0% to 2.0% compared to Tachibana and co-workers’ earlier 
study on the same type of QDSSC (Tachibana et al., 2008). All the three factors contributing 
to the conversion efficiency – JSC, VOC, and FF – were improved relative to the previous 
study.  The resulting values were JSC = 3.8 mA.cm-2, VOC = 800 mV, F = 0.66, and an IPCE 
of 55% at 400 nm, resulting in an overall conversion efficiency of 2%. The main reason for 
the improved conversion efficiency was the higher open circuit voltage (800 mV), which 




10.3. OTHER CONCLUSIONS 
10.3.1. Overview 
This investigation into ways to improve performance of a QDSSC solar cell using a CdS 
quantum dot on TiO2 and an aqueous ferrocyanide/ferricyanide redox electrolyte has resulted 
in a number of new findings. Alternative means of size engineering the quantum dots have 
been explored by extending established protocols for quantum-dot synthesis. Cheaper and 
simpler ways of storing and handling the quantum dots have been found. The underlying 
interfacial charge transfer kinetics of the cell has been examined through variation of the 
reduced and oxidised species concentrations, respectively. Concurrently, the parameters 
affecting the solar performance were elucidated by conducting solar cell simulation using the 
single diode equation. Specific lessons learnt from this research are summarised below. 
10.3.2. Quantum dots 
Using PbS as a model for synthesis, size-engineering and ageing investigation, it was found 
out that PbS QDs are stable in ambient atmosphere after proper washing, that is, removal of 
the unwanted precursors from the QD surface using the appropriate solvent. The dots with 
peak absorption at near-infrared, ca. 1500 nm, underwent a reverse of the Ostwald ripening at 
ambient condition covered in foil. Note that the dots were bubbled with N2 once immediately 
after purification. In this condition, the peak absorption shifts towards the blue region by ca. 
120 nm within 45 days. In chapter 4 it was seen that the same occurs for the shorter peak 
wavelength quantum dot at 950 nm, although the shift towards the blue region was then 
smaller and the time taken was shorter compared with the bigger dots. The difference may be 
explained by the amount of oleic acid in the precursor (16 vs 4 molar ratio) and hence the 
complete consumption of the available oleate in the solution is faster for the weaker solution. 
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The QD peak absorption then stayed at this wavelength without further size decrease and also 
without affecting the quality of the dots.  
Drying the dots in inert or ambient condition did not interfere with its property as long as the 
drying was conducted after the dots had reached their final size and peak absorption 
wavelength. Drying the QD solution prior to that point affected the size development and 
therefore the integrity of the dots. On the other hand, those dots that were specifically 
synthesised into a smaller size, i.e. peak absorption wavelength of 650 nm, had the tendency 
to undergo Ostwald ripening and shifting the peak absorption wavelength by <50 nm towards 
the red region. Comparing the time to reach the final size, the smaller dots shifting to the red 
region had the faster rate at ~7 days compared to ~60 days for larger quantum dots.  
Most importantly, this exercise resulted in finding the cheapest and simplest way of handling 
the QDs. It was found out that the dots can be dried in air after reached their optimum size 
without compromising their properties.  
The size engineering and ageing tests conducted on PbS quantum dots has offered new 
insights in QD synthesis and handling. For example, increasing the precursor (Pb:OA) molar 
ratio from 1:2 to 1:16 at injection temperature of 110 OC resulted in increased peak exciton 
wavelength from 650 nm to 1450 nm. On the other hand, the ageing test has shown that 
drying the QDs on the first 2 weeks after synthesis will suspend its size-centering 
mechanism. This renders the QDs unable to complete the centering even after redispersion in 
solvent indicating that drying the QDs prematurely, i.e. prior to it reaching its final size, will 
irreversibly halt the reverse Ostwald ripening. This information offers a timeline by which 
QD manufacturers can dry the QDs without interfering with its size centering thereby 
simplifying the handling of the QDs. 
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10.3.3. Redox electrolyte 
The importance of the function of the redox electrolyte in a liquid state QDSSC cannot be 
overemphasised. It is the crucial component in the solar cell that is responsible for the 
regeneration of the QD and ensuring continuous operation. On the other hand, the redox 
potential of the electrolyte dictates the maximum open circuit voltage of the solar, which is 
the difference between the redox potential and the semiconductor Fermi level. As presented 
in chapter 6, the redox electrolyte plays a very important role in the interfacial charge transfer 
kinetics of the cell, thereby dictating the overall solar cell performance. The composition of 
the redox electrolyte dictates the relative rates of regeneration of the QD-oxidised hole by the 
reduced species, and the electron scavenging of the oxidised species at the counter-electrode. 
The former must be faster than the latter in order for the solar cell to keep functioning.  
The functional effects of the reduced and the oxidised species on the performance of the solar 
cell can be differentiated. Aqueous ferrocyanide/ferricyanide redox electrolyte is most 
suitable for a CdS QDSSC due to its redox potential, which at +0.25 V vs Ag/AgCl is more 
positive than that of polysulfide redox potential at -0.65 V vs. Ag/AgCl. 
10.3.4. Reduced species 
The effects of reduced species concentration on the performance of the solar cell can be 
generally summarised as directly proportional with the JSC (except at 0.3 M where the JSC 
slightly decreased) and VOC with the latter stopping to increase from 0.01 M to 0.3 M. The 
FF, on the other hand, shown a steady improvement as the reduced species concentration was 
increased. Starting at 0 mM, it was observed that the current-voltage profile of the cell 
degraded over time quickly due to the absence of the reduced species to regenerate the 
oxidised QD. As the concentration was increased up to the optimal concentration of 200 mM, 
the current, voltage and fill factor of the cell all improved implying an improved rate of 
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regeneration of the oxidised hole by the reduced species. This rate then decreased at 300 mM 
as evidenced by the slight dip in photocurrent. This dip could not be attributed to the 
competition for photon absorption between the CdS quantum dots and the electrolyte, as 
proven by the absorption spectra shown in Figure 8.5.  
On the other hand, the IPCE profiles of the QDSSCs showed similar spectra with the IPCE at 
~35% for all the cells except for the 200 mM case at 45%. The IPCE profiles did not 
correspond with the current-voltage profiles of the same cells, which could be attributed to 
the irradiation intensity dependency of the cell performance. The irradiation dependence 
check on the cells showed that only the cells with 200 mM reduced species maintained 
linearity of JSC from the lowest (0.09 sun) to the highest irradiation intensity. The 
monochromatic light used in IPCE measurement was much weaker than the full-spectrum 
irradiance used in solar simulator, so that it did not overwhelm the cells in terms of charge 
transfer (regeneration and recombination).  
The transient photocurrent experiment under 1 sun showed maximum photocurrent for the 
cell with 200 mM reduced species concentration confirming the result of PV characterisation. 
This transient experiment also showed a slightly improving j-V profile both for 200 mM and 
300 mM concentrations, indicating that performance increased at increased light 
soaking/irradiation with relatively stable quantum dots and solar cells whose performance do 
not deteriorate during irradiation. 
The reduced species, being mainly responsible for regenerating the QD-oxidised hole, 
supports the continuous generation of the photocurrent by ensuring that the quantum dots are 
capable of absorbing photons. The present study has identified the optimal reduced species 




10.3.5. Oxidised species 
The role of the oxidised species in the electrolyte is to scavenge electrons at the counter-
electrode thus bringing the redox electrolyte back to its ground state. The experiments 
conducted in subsection 8.3.2 showed that, as the oxidised species concentration was 
increased, the current, voltage and fill factor of the QDSSCs deteriorated. As the excited 
electron is in-transit at the TiO2 conduction band after getting photo-injected from the QD 
conduction band, it has the chance of recombining with the oxidised species. This pathway is 
encouraged when there is an excessive amount of oxidised species in the electrolyte and VOC 
decreases.  As the excited electron stops at the TiO2 conduction band before recombining 
with the oxidised species, the TiO2 Fermi level starts to become more negative as a result of 
the increased electron density. This will then inhibit photo-injection from the QD conduction 
band to the TiO2 conduction band resulting in lower photocurrent. The FF then deteriorates as 
the result of these two scenarios. The drastic decrease in photocurrent when the oxidised 
species concentration is too high can be solely attributed to the inhibited photo-injection 
caused by the increased electron density at the TiO2 Fermi level. The competition for photon 
absorption between the electrolyte and CdS QD was eliminated as the cause of the decreased 
photocurrent based on the result of the electrolyte’s absorption measurements.  
Generally, the actual photocurrent density was largely lower than the calculated one based on 
the IPCE measurement since the latter do not consider the actual losses that occur at 1 sun 
illumination (chapter 8). On the other hand, the calculated photocurrent and IPCE shared 
similar trend from 300 mM to 10 mM reduced species concentration. However, the 
photocurrent drastically dipped when the concentration was further decreased. There was an 
opposite effect on the photocurrent and fill factor when the oxidised species concentration 
was increased such that the decrease in FF was more severe at higher oxidised species 
concentration (beyond the optimal concentration of 0.01 M).  
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10.3.6. Best-fit parameters in diode model 
The solar cell function simulation discussed in chapter 9 has not only resulted in the 
mathematical current-voltage profile fitted against the actual experimental results using the 
single diode model, but also with the best-fit values five parameters: exchange current 
density, series resistance, shunt resistance, ideality factor and photocurrent. The 
understanding of these parameters is useful in the design of the QDSSC. A comparison 
between the values of these parameters for a DSSC and the QDSSC with optimal redox 
electrolyte found that the JP for the DSSC was more than five times that of the QDSSC, 
indicating a much more efficient conversion of the absorbed photons into photo-injected 
electrons in the former. Since the QDs are theoretically superior photon absorber due to its 
high extinction coefficient than the organic dyes; it is expected that the QDSSC will have 
higher conversion efficiency than the DSSC. However, based on the studies conducted – this 
thesis included – the latter’s performance is still better than the former’s. The simulation 
based on the single diode equation discussed in chapter 9 has shown some stark difference 
between these two cells that could explain the difference in conversion efficiencies. Both the 
ideality factor, and the series resistance of QDSSC are higher than that of the DSSC while the 
exchange current density was two orders of magnitude lower at QDSSC than DSSC. As was 
found in chapter 9, the exchange current density of dark QDSSC and the irradiated DSSC 
resulted in micro domain (10-6), QDSSC’s exchange current density then becomes 10-8 upon 
irradiation which means that there are some losses in the QDSSC during this process thereby.  
QDSSC’s departure from ideality i.e. n  > 1 signals that the solar cell performance is less 
superior than the cell where n ≈ 1 as was the case of the DSSC at 1.45 as compared with 
QDSSC at 2.1 while DSSC’s series resistance is less than half of QDSSC’s. All these 
differences result in QDSSC’s lower performance than that of DSSC. 
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In brief, the simulation to extract the best-fit parameters resulted in important findings. For 
instance, the dark j-V profile fitting of the optimal concentration combination in QDSSC 
have shown that both the ideality factor and the exchange current density are comparable 
with that of the better performing DSSC’s. The same QDSSC yielded increased ideality 
factor (2.1) and exchange current density (by two orders of magnitude) upon irradiation. 
These changes could be one of the causes of much lower conversion efficiency in QDSSC as 
compared with the DSSC – an area in which to focus on in the next study on QDSSC 
performance improvement. Of course, it is important to note that the photocurrent JP 
(sensitiser-related) also needs to be addressed in order to improve CdS QDSSC’s 
performance since there is an enormous gap, a difference of one order of magnitude, between 
DSSC and QDSSC.  On the other hand, the extraction of parameters in CdS QDSSC under 
different irradiation intensities provides information/understanding relevant when designing 
solar cells to be used in varied weather conditions (overcast, sunny, etc.). Lastly, the 
sensitivity testing has resulted in the understanding of which parameters are to be designed 
with strict tolerances in order to keep the performance at optimum.     
10.4. RECOMMENDATIONS 
10.4.1. Ageing test and size engineering 
The investigation on ageing tests in this study focussed on the absorption of QDs as a basis 
for the onset of optical deterioration. It will be beneficial also to investigate the effect of 
ageing on other optical properties such as emission and excitation spectra. The investigation 
on ageing here was conducted for 180 days where no deterioration in absorption was 
observed. Therefore, extending the period of investigation from when the onset of 
deterioration is observed until complete deterioration of the absorption would be helpful in 
assessing the practical lifetime of the QDs.  
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The size engineering experiments can be extended to even larger QD sizes focusing on 
temperature and precursor molar ratios, respectively. Similarly, additional optical 
characterisations such as emission and excitation spectral measurements may offer new 
information. Ageing tests comparing injection temperature vis a vis molar ratio for QDs of 
the same size may possibly show some effects of these parameters on ageing or size 
centering.  
10.4.2. Role of electrolyte on the interfacial charge transfer kinetics 
Since the QDSSC model used in this thesis has nearly approached the highest theoretical VOC 
using the ferrocyanide/ferricyanide redox electrolyte, it is recommended that a next step 
should be to find ways to optimise the other components of the QDSSC such as the sensitiser, 
counter electrode, and passivating agent. The modification of the sensitiser – by, for example, 
an improved method of passivation, new material, modified structure –to maximise photon 
absorption while optimising electron kinetics, can translate into higher photogeneration. A 
new method of passivation of the sensitiser, or an entirely new passivating agent, can 
contribute to increased photoinjection by suppressing the recombination rate and have also 
been found to optimise the position of TiO2 conduction band as well as improving the fill 
factor (dela Fuente et al, 2013). These parameters will then need to be designed to 
complement the optimised redox electrolyte in order achieve an improved conversion 
efficiency of the solar cell. 
10.4.3. QDSSC simulation based on single diode equation 
The algorithm developed in this thesis can be further improved by incorporating an overflow 
control on shunt resistance and exchange current density, since the results for these 
parameters are markedly different from the DSSC results. 
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Investigation on how to keep the ideality factor closer to 1 especially at higher irradiation 
intensity since this condition results to high photocurrent is recommended to be conducted. 
The extracted ideality factor at increasing irradiation intensity has revealed that the 
recombination from the TiO2 conduction band to the oxidised species of the redox electrolyte 
has caused deterioration of the ideality factor i.e. n>2 when the irradiation intensity is 
>100%. Additional investigation on the kinetics of this recombination and how to rectify it 
will be beneficial in increasing the conversion efficiency of the QDSSC. 
Further study focusing on the extracted parameters and correlating these parameters to the 
materials used in similar quantum dot solar cells setup should be conducted to better 
understand these parameters and their impact on solar cell performance.  
10.4.4. Further improvement on the overall conversion efficiency of QDSSCs 
This study using a CdS QDSSC based on aqueous ferrocyanide/ferricyanide redox electrolyte 
has almost reached the maximum theoretical open circuit voltage.  Therefore, the next focus 
for improving the overall conversion efficiency should be on short-circuit current and fill 
factor. JSC can be increased by modifying the CdS to improve photon absorption while 
ensuring that trap states have been minimised in order to keep the VOC at the maximum. A 
streamlined assembly process of the cell plus optimised material architecture may be able to 
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Appendix 1: Matlab Algorithm 
uiimport;%%import PV data;  
q = 1.602176565e-19; k = 1.3806488e-23; T = 298;%%constants 
SSQbest = 5000; 
tic 
for Jp = 1.3:0.05:1.7; 
for Rs = linspace(40,70,15); 
for n = linspace(Zoombelt et al., 2010); 
for Rh = linspace(50000,100000,15); 
for J0 = logspace(-12,-3,20); 
fun = @(J) Jp-(J0*(exp((q*((V+((J*0.2304*Rs)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
Trial = [Jp,Rs,n,Rh,J0]; 
SSQ = sum((Je - J).^2); 
if SSQ < SSQbest; 
SSQbest = SSQ; 
Trialbest = Trial 












fprintf('%i\n', Trialbest, SSQbest) 
plot(V,Je,V,Jbest) 
Jbest 
 %%%%%%%%%% Tabulation of results: 
A = [Trialbest,SSQbest]; 




Appendix 2: Sensitivity test algorithm 
uiimport;%%import PV data;  





Jp = inputdlg ('please input Jp');n = inputdlg ('please input n');  
Rs = inputdlg ('please input Rs');Rh = inputdlg ('please input Rh'); 
J0 = inputdlg ('please input J0'); 
PV = uiimport; 
for Jp1 = 0.99*Jp; 
fun = @(J) Jp1-(J0*(exp((q*((V+((J*0.2304*Rs)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQJp1 = sum((Je - J).^2); 
for Jp2 = 1.01*Jp; 
fun = @(J) Jp2-(J0*(exp((q*((V+((J*0.2304*Rs)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQJp2 = sum((Je - J).^2); 
A1 = [Jp1, Jp2]; 
A2 = [SSQJp1,SSQJp2]; 
end 
end 
for J01 = 0.99*J0; 
fun = @(J) Jp-(J01*(exp((q*((V+((J*0.2304*Rs)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQJ01 = sum((Je - J).^2); 
for J02 = 1.01*J0; 
fun = @(J) Jp-(J02*(exp((q*((V+((J*0.2304*Rs)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQJ02 = sum((Je - J).^2); 
B1 = [J01,J02]; 




for Rs1 = 0.99*Rs; 
fun = @(J) Jp-(J0*(exp((q*((V+((J*0.2304*Rs1)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs1)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQRs1 = sum((Je - J).^2); 
for Rs2 = 1.01*Rs; 
fun = @(J) Jp-(J0*(exp((q*((V+((J*0.2304*Rs2)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs2)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQRs2 = sum((Je - J).^2); 
C1 = [Rs1,Rs2]; 
C2 = [SSQRs1,SSQRs2]; 
end 
end 
for n1 = 0.99*n; 






J = fsolve(fun, (V)); 
SSQn1 = sum((Je - J).^2); 
for n2 = 1.01*n; 
fun = @(J) Jp-(J0*(exp((q*((V+((J*0.2304*Rs)/1000))/(n2*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQn2 = sum((Je - J).^2); 
D1 = [n1,n2]; 
D2 = [SSQn1,SSQn2]; 
end 
end 
for Rh1 = 0.99*Rh; 
fun = @(J) Jp-(J0*(exp((q*((V+((J*0.2304*Rs)/1000))/(n*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh1)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQRh1 = sum((Je - J).^2); 
for Rh2 = 1.01*Rh; 
fun = @(J) Jp-(J0*(exp((q*((V+((J*0.2304*Rs)/1000))/(n2*k*T))))-1))-
(((V+((J*0.2304*Rs)/1000))/Rh2)*(1000/0.2304))-J; 
J = fsolve(fun, (V)); 
SSQRh2 = sum((Je - J).^2); 
E1 = [Rh1,Rh2]; 
E2 = [SSQRh1,SSQRh2]; 
end 
end 
h = semilogx(A1,A2,'-ro', B1,B2,'-go',C1,C2,'-ko',D1,D2,'-bo',E1,E2,'-mo'); 







Appendix 3: Irradiation Intensity vs. Reduced Species Concentration 
 








Appendix 2-2. J-V Profile at 0.1 mM Reduced species concentration and 























Appendix 2-5. J-V Profile at 200 mM Reduced species concentration and increasing 
irradiation intensity 
Appendix 6: Data Tables 
Concentration, M JSC FF VOC 
1.00E-04 2.4655 0.3208 0.7614 
1.00E-03 2.5183 0.4892 0.7463 
0.01 2.8144 0.6792 0.7195 
0.1 1.9397 0.4936 0.5108 
0.2 1.7060 0.4658 0.4565 
0.5 0.6831 0.4064 0.2774 








Short circuit photocurrent density, mA-cm-2 
0 M 0.0001 M 0.001 M 0.01 M 0.2 M 
9 0.1111 0.1547 0.1545 0.1569 0.1726 
20 0.3307 0.3835 0.3295 0.4011 0.44 
30 0.548 0.723 0.5955 0.6257 0.589 
45   0.6917 0.855 0.9169 1.0115 
67 0.4822 0.6016 0.9095 1.3608 1.4857 
100 0.3518 0.5381 0.982 1.5852 2.33 
120 0.3798 0.4817 0.9187 1.6659 3.0078 
130 0.379 0.3758 0.6769 2.1313 3.1491 
Data Table A-2. Short circuit photocurrent density at increasing irradiance intensity 




Open circuit voltage, V 
0 M 0.0001 M 0.001 M 0.01 M 0.2 M 
9 0.570065 0.573822 0.672966 0.407997 0.553213 
20 0.619431 0.58214 0.667262 0.675314 0.665403 
30 0.597932 0.616271 0.693652 0.711597 0.706782 
45   0.583204 0.672726 0.693895 0.710087 
67 0.564878 0.592064 0.638859 0.729253 0.749873 
100 0.600536 0.629532 0.718122 0.610721 0.736657 
120 0.618061 0.539808 0.677334 0.735318 0.746547 
130 0.552034 0.515938 0.690047 0.757048 0.773521 
Data Table A-3. Open circuit voltage at increasing irradiance intensity and increasing 




0 M 0.0001 M 0.001 M 0.01 M 0.2 M 
9 0.551302 0.532766 0.594299 0.44797 0.449431 
20 0.396666 0.48149 0.574257 0.655157 0.551674 





45  0.265717 0.389651 0.496533 0.639367 
67 0.24752 0.315448 0.276288 0.471941 0.708729 
100 0.23808 0.296261 0.294851 0.293355 0.673642 
120 0.248776 0.247881 0.309944 0.340756 0.655194 
130 0.255217 0.279554 0.281664 0.291012 0.69029 
Data Table A-4. Fill factor at increasing irradiance intensity and increasing reduced 
species concentration. 
 
 
 
 
 
